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ABSTRACT 
There is an enormous threat to the environment and to the all life forms including 
humans due to the continuous discharge of persistent, bio-accumulated and toxic 
substances, which are defined as Persistent Organic Pollutants (POPs), to the 
sensitive environments. Highly dangerous POPs such as DDT (mostly fall into 
pesticide group) were identified by the United Nations Environment Programme 
(UNEP) and listed at the Stockholm Convention in 2004 and 2009. The production 
and use of these POPs are banned by most of the countries in the world including 
Australia. Alternatively, second generation pesticides and herbicides are produced 
and used extensively to enhance the productivity of the present agricultural 
activities. Although the second generation pesticides and herbicides are not very 
harmful as the POPs listed by the Stockholm Convention, they also persistent and 
bio-accumulated in the environment and toxic to all life forms on Earth. 
Subsequent to a comprehensive literature review carried out on the persistence, 
transport and impacts of herbicides in the Great Barrier Reef (GBR) ecosystem, 
which is an ideal example for a sensitive environment in Australia, it was found that 
herbicides are mainly discharged by two mechanisms; diffuse pollution by leaching 
herbicides across soil strata and point pollution by discharging herbicide residues 
from recycling ponds in large farmlands and conventional wastewater treatment 
plants in GBR catchments. Recent research studies have found that persistence of 
herbicides in waterways of GBR catchments causes severe impacts to its ecosystem 
and marine-life. Therefore, it is a vital requirement to reduce the discharge of 
herbicide loads to the sensitive environments and this study is primarily focused on 
finding a suitable treatment system to reduce the point pollution of herbicides. 
By reviewing the methods of treatment available for reducing persistence and toxic 
substances such as pharmaceutical active compounds, surfactants, pesticides and 
herbicides, it was found that Membrane Bioreactor (MBR) technology shows 
superior performance than the other treatment processes. However, MBR alone 
cannot be applied for the total removal of such substances and therefore, in this 
study a hybrid system consisting MBR process followed by an ultra-violet 
disinfection and granular activated carbon (UV/GAC) filtration was researched. 
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Ametryn, which is a commonly used herbicide in the sugarcane industry in 
farmlands located in the GBR catchments, was chosen for evaluating the treatment 
performance of the hybrid MBR system. Ametryn has similar characteristics of 
other herbicides (Diuron, Atrazine, etc.) used in these farmlands.  
Fouling of membrane is considered as the key drawback of MBR systems for its 
widespread applications. Therefore, apart from studying the treatment performance 
of the hybrid treatment system, MBR was evaluated comprehensively on its fouling 
propensities before and after intruding Ametryn. In order to evaluate the treatment 
and operating (mainly fouling of membrane) performance of the hybrid MBR 
system, short and long-term experiments including several batch tests were carried 
out for total of 744 days. The hybrid treatment system was operated mainly in two 
phases; Phase 1 and Phase 2. While Phase 1 operation was carried out for 530 days 
in the tropical environmental conditions (temperature 22 to 28 
o
C), Phase 2 
operation was carried out for 214 days in the sub-tropical climatic conditions 
(temperature 15 to 22 
o
C).  
A number of short and long-term critical flux tests were carried out to evaluate the 
fouling propensity at different stages (with and without Ametryn) of Phase 1 and 2 
MBR operations. It was found that Prolonged flux step method with longer flux step 
durations (in this case, 7 days) gives more realistic results and in general, short-term 
tests give exaggerated critical flux values compared to the maximum sustainable 
long-term flux values. Irrespective to feeding Ametryn (from 0 to 4 mg/L), 
intermittent permeate suction (twelve minutes ON and three minutes OFF) with 
membrane relaxation was found to be very effective in controlling fouling of 
membrane. The most sustainable flux for a MBR treating Ametryn is 5.1 L/m
2
/h 
and the MBR system could be operated without cleaning the membrane chemically 
for very long periods. A mathematical model was used to predict the critical time 
that the membrane needs to be cleaned chemically during its subcritical operations. 
The model predicts 10 to 15% over estimated critical times and the model is very 
sensitive to the TMP fluctuations of long and short-term operations.   
Five bacterial colony types were found in MBR mixed liquor treating Ametryn and 
three bacilli type bacteria were more resistant to Ametryn toxicity. Oligochaete 
worms (Aeolosoma hemprichi) were also present in MBR sludge during the Phase 2 
operations and found that these worms influence the operating performance of the 
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MBR considerably. High intense aeration (15 to 25 L/min for a bioreactor with 13L 
hydraulic capacity) and higher temperature (25 
o
C) help worms to grow faster. 
Rapid predation by worms results to reduce the solids concentration in the 
bioreactor and to increase the sedimentation properties of MBR mixed liquor. 
Worms swim fast across the bioreactor and hence the flocs break and produce high 
amounts of soluble microbial products (SMP), which cause severe fouling of 
membrane. 
The introduction of Ametryn (1 mg/L) to the bioreactor increases the concentration 
of SMP significantly and reduces the concentration of bound extracellular 
polymeric substances (eEPS) and found that the system goes through a transition 
period (25 to 40 days) that the microorganisms acclimatise to the Ametryn toxicity. 
Beyond this period, the increase in the Ametryn concentration of the influent did 
not influence considerably to the production of polymeric substances in MBR 
sludge. Protein is the major component of extracellular polymeric substances (EPS) 
and the production of protein is higher than carbohydrates subsequent to the 
introduction of Ametryn. Further, carbohydrates in SMP contribute more on fouling 
of membrane.  
Apart from MBR, UV and GAC processes, anoxic feed tank also acted as an 
Ametryn removal reactor. However, the consistency of the efficiency of the 
biological treatment from the bioreactor and the anoxic feed reactor was not firm 
and the necessity of a hybrid treatment system with more reliable UV and GAC 
treatment processes was identified. By evaluating the performance of all the 
individual reactors of the hybrid system for the removal of Ametryn, COD and total 
organic carbon during short and long-term experiments, it was found that the hybrid 
system removes Ametryn efficiently at hydraulic retention time (HRT) of 15.6 
hours (biologically up to 60% and remaining Ametryn residues from UV/GAC).  
A mathematical model was developed to predict the production and decay of 
biomass and EPS, the mechanism of fouling of membrane through the consolidation 
process of EPS layer on the membrane surface. Kinetic parameters were estimated 
using the experimental data obtained during Phase 1 and 2. Introduction of Ametryn 
reduced the biomass yield significantly (34%). The model can be used to simulate 
the process of MBR treating Ametryn and can be used for designing a MBR system. 
The following flow chart describes the summary of the research study.  
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CHAPTER 1 
 
1. INTRODUCTION 
1.1 Background 
The use of pesticides and herbicides in agricultural practice has become an 
important activity which significantly enhances the crop yield. Although this 
benefits the agricultural industry, the risk to the environment by polluting the soil 
and ground and surface waters must be considered seriously. An enormous effort 
should be made to protect the quality of soil and water bodies and to avoid 
contamination from these pollutants in order for the sustainable survival of 
ecosystems and all living beings including humans.   
Due to rapid urbanisation and expansion of agricultural activities near sensitive 
environments such as estuaries, wetlands, lagoons, streams and other catchment 
areas, large amounts of pesticides and herbicides are discharged especially during 
wet season. In addition, a significant amount of herbicide and pesticide residues are 
discharged unintentionally in to the environment through the existing conventional 
wastewater treatment plants. Further, a significant amount of pesticide/herbicide 
residues could be discharged in to the soil and waterways through the industries 
related to manufacturing, packaging, transporting, storing and delivering & 
distributing pesticides and herbicides. Similar to persistent organic pollutants 
(POPs), which are toxic, persistent and bio-accumulating in the environment, 
pesticides and herbicides also undergo a number of degradation processes during 
storage, and both during and after the application. These reactions require certain 
time to reach equilibrium and so far it is not known exactly the specific percentages 
or effects of degradation products resulting from breakdown of pesticides and 
herbicides.  
Pesticides and herbicides are also persistent and accumulate in the fatty tissues of 
living organisms and are harmful to human and wildlife. A large number of research 
studies have been carried out in this area and those studies have revealed that 
residues of these pesticides and herbicides and other POPs in human body could 
cause many common diseases such as cancer, immunological and reproductive 
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disorders and blocking of hormones.  Low levels of pesticide residues in potable 
water generally may not pose acute toxicity problems, but could cause chronic 
effects (Ahmad et al., 2008). 
The Great Barrier Reef (GBR) is considered as a world’s heritage area and it is one 
of the most sensitive environments in the world today. Although the GBR is 
managed much better compared to most of the other reef systems in the world, it 
was recently found that the GBR lagoon and its ecosystem is under threat due to 
discharge of large quantities of herbicides from farmlands located in its catchments. 
The GBR catchment has been extensively modified and changed since the European 
settlement by forestry, urbanization and agriculture. The largest land use in the 
GBR catchment is cropping, mainly with sugarcane and this industry has increased 
steadily over the last 100 years with a total area reaching 390,000 ha in 1997 
(Brodie et al., 2001). Most of the sugarcane cultivation areas are mainly located 
near the coast (lowland areas) of the catchments and due its rapid increase in 
application of pesticides and herbicides, sugarcane industry is considered to be the 
most influencing industry on the sustainability of the GBR ecosystem.  
Nine out of twelve priority POPs identified by the United Nations Environment 
Programme (UNEP) belong to the pesticide group and herbicides that are 
designated as high priority POPs by the UNEP include, 2,4-dichlorophenoxy acetic 
acid (2,4-D), 4-chloro-2-methylphenoxyacetic acid  (MCPA), 3-chlorobenzonic 
acid (3-CBA) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T). However, most of 
these pesticides and herbicides are now banned in many countries including 
Australia as it was identified that these POPs have serious adverse influence on 
human health in addition to the damage they cause to the environment.  
Therefore, six new generation herbicides are now widely used in Australian 
farmlands located in the Great Barrier Reef (GBR) catchment areas. The IUPAC 
names of these commonly used new generation herbicides are: (a) Diuron - 3-(3,4-
dichlorophenyl)-3, 3-dimethylurea, (b) Atrazine - 6-chloro-N
2
-ethyl-N
4
-isopropyl-
1,3,5-triazine-2,4-diamine (c) Ametryn – N2-ethyl-N4-isopropyl-6-methylthio-1,3,5-
triazine-2,4-diamine (d) Hexazinone – 3-cyclohexyl-6-dimethylamino-1-methyl-
1,3,5-triazine-2,4 (1H, 3H)-dione (e) Simazine – 6-chloro-N2,N4-diethyl-1,3,5-
triazine-2,4-diamine (f) Tebuthiuron - 1-(5-tert-butyl-1,3,4-thiadiazol-2-yl)-1,3-
dimethylurea. All these six herbicides fall into Photosystem II herbicide group, 
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which is broadly divided into two distinct groups called Phenylurea and Triazines 
(Jones, 2005).    
Due to the requirement and the interest on finding the status of pesticide/herbicide 
pollution in the GBR catchment areas, an extensive amount of research work has 
been carried out so far. Qualitative and quantitative investigations were carried out 
to find the persistence and impacts due to presence of pesticides and herbicides in 
the soil and waterways in the GBR catchments. However, the effort put forward so 
far to control or reduce the herbicide discharge to GBR catchments is insufficient.  
Mainly, herbicides are discharged to the GBR catchments as diffuse and point 
source pollution. Diffuse pollution is mostly occurred through herbicides leaching 
across the soil strata during wet season and contaminating ground water and surface 
waterways. On the other hand, point source pollution is mainly occurred through 
recycle ponds in some farmlands and wastewater treatment plants. Although this 
study does not focus on reducing diffuse pollution, the findings would be very 
useful to reduce point source pollution of herbicides.   
Herbicides and pesticides could be removed by biological, adsorption, wetland and 
membrane processes. In general, conventional biological processes such as 
activated sludge processes are considered as inefficient for removing moderate to 
high persistent organic pollutants from wastewaters. Usually, biological treatment 
processes operate at low mixed liquor or solid concentrations and short sludge 
retention times. Due to these reasons, the possibility of the growth of suitable 
bacteria degrading these moderate to high persistent organic substances is very less. 
Gerecke et al. (2002) found that 75% of the pesticide and herbicide load enters in to 
the surface waters by the existing wastewater treatment plants in Switzerland. 
Adsorption processes using activated carbon are considered as very efficient 
removal methods of pesticides and herbicides. However, these processes are very 
expensive and difficult to apply directly in large scale. Wetland processes are 
generally very inefficient in long-term applications for the removal of herbicide-like 
substances present in very low concentrations. Usually, high pressure membrane 
systems such as reverse osmosis and nano-filtration are considered as very efficient 
in the removal of pesticides and herbicides in water. However, these systems are 
also very expensive in the application of removal of pesticides and herbicides in 
wastewater and agricultural discharges. 
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Apart from the above treatment technologies, Membrane Bioreactor (MBRs) is 
considered as a more efficient treatment process for the removal of micropollutants 
such as pharmaceutically active compounds, surfactants, natural organic matter, 
endocrine disrupters, etc., compared to conventional activated sludge processes. 
MBR is considered as a hybrid treatment technology, as it consists of two 
interdependent treatment processes; biological treatment and membrane filtration. 
The investment costs of MBR systems are now becoming less due to the rapid 
expansion of the global MBR market. Due to the introduction of more stringent 
effluent discharge regulations in most parts of the world in the recent past, the 
increasing demand for membrane bioreactors is being continued. Because of the 
production of superior quality effluent by MBRs, treatment systems with 
conventional activated sludge processes are being replaced by this novel treatment 
technology. Although MBR has been researched for its treatment performance of 
most of the micropollutants mentioned above, it has not been extensively studied 
for the removal of pesticides and herbicides. Therefore, this study mainly focuses 
on the application of MBR for the removal of a selected herbicide that is commonly 
used in the farmlands in the GBR catchments. 
Fouling of membrane is the main drawback of the application of MBR in large 
scale. Apart from the previous studies based on evaluating the treatment 
performance of MBRs, majority of MBR related studies were focused on evaluating 
fouling of membrane. Understanding fundamentals and studying fouling factors and 
controlling strategies are very important to design and develop MBR systems to 
operate sustainably. This will also contribute to bring down the operating and 
maintenance costs of MBR systems significantly. Fouling propensity in a MBR 
system could be varied depending on the membrane characteristics, nature and 
composition of feed wastewater and biomass, and environmental and operating 
conditions. Therefore, evaluation and understanding the behaviour of membrane 
fouling propensity is an important aspect in all MBR studies.   
Ametryn (molecular weight of 227.33 g/mol), which is a second generation 
herbicide commonly used in sugarcane farmlands in the GBR catchments, was 
selected as the target compound for this study. Ametryn is widely used to control 
pre and post emergence of broadleaf and grass weeds and it is a sulphur-containing 
triazine herbicide. The environmental protection agency (EPA) has classified 
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Ametryn as a Class III herbicide. Ametryn is generally produced in white powder 
form and it shows a relatively higher solubility in water (185 mg/L) and dissolves 
readily in solvents such as acetone and methanol.  
According to the research work carried out on MBRs for the removal of moderate to 
high persistent substances from wastewater, it was found that MBR alone could not 
be applied for 100% treatment of such substances in long-term operations. In order 
to achieve higher removal of Ametryn from the laboratory-scale MBR system, a 
GAC filter was designed and installed in series with MBR. An ultra-violet (UV) 
disinfection system was also installed as a pre-treatment stage (between MBR and 
GAC filter) to avoid any biological growth in the GAC filter. The hybrid MBR 
system was fed with synthetic wastewater, as feeding 20 to 40 L/day of Ametryn 
contaminated real water was not a feasible option. By using synthetic wastewater, it 
was also possible to maintain the consistency in quality of feed throughout the 
study. 
In summary, MBR has not been researched for the removal of herbicides 
significantly and there was no MBR study found related to the removal of Ametryn. 
Therefore, the findings of this study would be novel and original. Based on the 
research background described above, the objectives and the scope of this study 
were established. 
1.2 Research primary objectives 
1. To study and understand the fundamentals of MBR systems and its 
treatment and operating performance under laboratory conditions. 
2. To operate a laboratory-scale MBR system and evaluate its long and short-
term operating performance (fouling propensity) before and after addition of 
Ametryn. 
3. To evaluate the performance of individual treatment units of the hybrid 
system for the removal of Ametryn and other organic substances  
4. To find the impact on the production of extracellular polymeric substances 
(EPS) by the microorganisms in the bioreactor after addition of Ametryn. 
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5. To develop a mathematical model to describe mechanism of fouling of 
membrane of a MBR treating Ametryn and to estimate and compare kinetic 
parameters before and after addition of Ametryn. 
1.3 Research framework 
Subsequent to a comprehensive literature review (Chapter 2), this MBR study was 
carried out in two continuous operational phases. After the installation of the MBR 
system, the trial runs were commenced in April 2009 and then started obtaining 
measurements from mid June 2009. Phase 1 was carried out for 530 days in a 
tropical environment with a temperature range of 22 to 26
o
C and during Phase 2, 
MBR was operated for 214 days in sub-tropical climatic conditions (15 to 22
o
C). 
Short and long-term experiments were done at different operating and sludge 
conditions to evaluate operating and treatment performance of the laboratory-scale 
MBR. During both phases, MBR was fed with synthetic wastewater and operated 
continuously with and without addition of Ametryn to compare the results. Several 
batch studies were also carried out.   
The composition of MBR sludge was different in two phases of operations and 
behaved differently. During the initial stage of Phase 1 operation, MBR was 
operated without introducing Ametryn and the fouling trends and other treatment 
performances were evaluated. During this time, MBR was operated at different 
hydraulic retention times (HRTs) and a wide range of mixed liquor suspended 
solids (MLSS) concentrations (4 to 20 g/L). After addition of Ametryn (1 mg/L), 
MBR was closely monitored by conducting several long and short-term 
experiments. At the end of Phase 1, MBR mixed liquor was used for a batch test 
and the biodegradation of Ametryn and the removal efficiency of Ametryn by GAC 
was investigated. The behavioural pattern of microorganisms in the mixed liquor 
was also evaluated. 
In Phase 2 operation, which was mainly focused on strengthening the previous 
findings, MBR was operated at a constant flux (HRT – 15.6 hours) in most 
occasions due to very high fouling propensities. MBR was studied for its treatment 
and operating performance under three different Ametryn concentrations (1, 2 and 4 
mg/L). The following flow chart describes the approach of this research study. 
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Evaluation of 
treatment and 
operating 
performance of MBR 
before addition of 
Ametryn 
 
Evaluation of 
treatment and 
operating 
performance of MBR 
after addition of 
Ametryn 
Upgrade the MBR 
system to remove 
Ametryn (Hybrid 
MBR system) 
Installed the following after MBR in series 
- UV disinfection unit – UVS 1KPSS 254nm, 20.3W 
lamp 
- GAC filter column – ECBT – 11 minutes for a 
maximum flow rate of 35 mL/min 
 
 
- Long -term MBR operations at different HRTs and 
MLSS concentrations  
- Several types of short-term critical flux tests to find 
and compare fouling propensities. Used a 
mathematical model to estimate critical times. 
- Routine measurements of over 15 operating, 
treatment and sludge related measurements 
including COD, UV, TMP, MLSS, DSVI, EPS 
(carbohydrates and proteins), etc. to evaluate 
operating and treatment performance. 
 
 
- Long and short-term MBR experiments  
- Batch test to evaluate Ametryn degradation through 
biodegradation, GAC adsorption and identify 
microbes resistant to toxicity of Ametryn (used 
ANOVA statistical tool to analyse data) 
- Routine measurements same as above and HPLC 
analysis for Ametryn in influent and effluents. 
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Literature Review 
 
Design and installation of 
the laboratory scale MBR 
system  
- 13 L and 40 L hydraulic capacities for MBR and 
feed tanks  
- MBR system to operate on intermittent suction (12 
minutes ON and 3 minutes OFF) 
- Maximum operating trans-membrane pressure 20 
kPa (Vacuum pressure gauge 50 kPa) 
- Membrane module: Mitsubishi Rayon hollow fibre, 
submerged Polyethylene 0.4 µm 0.2 m
2
  
- Synthetic feed – COD – 700 mg/L 
 
- Persistent Organic Pollutants, their properties, 
persistent in the environment and usage and impacts 
to humans and other life forms 
- Existence,  impacts, transport and treatments of 
pesticides and herbicides in Great Barrier Reef 
(GBR) catchments in Australia 
- Ametryn and its properties 
- Membrane Bioreactors (a comprehensive review on 
performance and advantages and drawbacks – 
fouling of membrane) 
 
Model development 
and parameter 
estimation for a 
hybrid submerged 
MBR treating 
Ametryn  
Completion of Phase 1 – December 2010 
- Used MATLAB, AQUASIM and Runge-Kutta 
methods to simulate a mathematical model to 
explain the bio-fouling mechanism of MBR and 
estimate kinetic parameters influence in fouling of 
membrane  
 
 
Batch study: Ametryn 
biodegradability and GAC 
efficiency 
- 16 mixed liquor samples were tested with different 
concentrations of Ametryn and GAC  
- Investigated for biodegradability of Ametryn and 
the performance of the removal of Ametryn by GAC  
- Microbiological tests were carried out to identify the 
behaviour of bacteria under toxic and batch 
environments  
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Reduced the flow rate to 11.5 
L/day  
Commencement of Phase 2 – January 2011 
Planned Phase 2 MBR 
operations in sub-tropical 
environmental conditions     
- Same Hybrid MBR system 
- Objective to strengthen the findings obtained during 
2009/2010 (Phase 1) under tropical environmental 
conditions 
- Fixed the flow rate but increase the dosage of 
Ametryn in the MBR influent  
 
Re-installed and re-
commissioned MBR system     
- Installed same Hybrid MBR system with a new 
membrane and fresh GAC  
- Acclimatised the system using activated sludge 
brought from Anglesea WWTP 
- The system was fed with synthetic wastewater 
having same chemical composition used in Phase 1 
 
Evaluated the 
treatment and 
operating performance 
of MBR before 
addition of Ametryn 
 
Model development and 
parameter estimation 
- Used MATLAB, AQUASIM and Runge-
Kutta methods to simulate a mathematical 
model to explain the bio-fouling 
mechanism of MBR and estimate kinetic 
parameters influence in fouling of 
membrane  
 
 Completion of Phase 2 – December 2011 
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Introduced 1 mg/L of 
Ametryn and evaluation of 
treatment and operating 
performance of MBR after 
addition of Ametryn 
Upgraded the MBR system 
to remove Ametryn (Hybrid 
MBR system) 
- Long and short-term MBR experiments  
- Ten short-term critical flux tests to find 
and compare fouling propensities. Used 
the same (Phase 1) mathematical model to 
estimate critical times. 
- Routine measurements of over 15 
operating, treatment and sludge related 
measurements including COD, UV, TMP, 
MLSS, DSVI, EPS (carbohydrates and 
proteins), etc. to evaluate operating and 
treatment performance. 
- FTIR to identify carbohydrates and 
proteins in EPS and mixed liquor 
(suspension and attached onto membrane), 
Particle size distribution (PSD), extended 
DSVI to investigate sludge setting pattern, 
arbitrary worm count using microscopic 
photographs. 
- Evaluation of amount of Ametryn 
adsorbed onto membrane (new) 
- Batch test to assess the removal of 
Ametryn through biodegradation and 
adsorption on to sludge 
- Membrane resistance tests to find the 
membrane performance 
- Evaluated the impact of oligochaete 
worms on operating and treatment 
performance of MBR system 
- Investigated the MBR effluent for EPS 
components (proteins and carbohydrates)   
 
 
Increased influent Ametryn 
concentration to 2 mg/L 
Increased influent Ametryn 
concentration to 4 mg/L 
Stopped feeding Ametryn  
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1.4 Thesis outline 
This thesis was prepared based on book chapters, journal articles and conference 
papers published, submitted and in-preparation (refer the list of publications). Each 
chapter of the thesis includes one or more publications as shown in the following 
flow chart.  
Chapter 2 mainly includes the literature review that was carried out at the inception 
of this research. The first section of this chapter includes the book chapter, 
discusses the existence, impacts, transport and treatments of herbicides discharged 
to Great Barrier Reef (GBR) catchments. The chapter also describes the reasons for 
the selection of Membrane Bioreactor (MBR) technology and herbicide Ametryn 
for the study. Subsequent to a comprehensive description on Ametryn and MBR 
technology, the chapter explains the hybrid system used for the research study. 
Chapter 3 consists of two journal papers and a conference paper, and mainly 
discusses the findings related to operating performance (primarily fouling of 
membrane) of the MBR before and after addition of Ametryn. The first section 
describes the implications of short and long-term critical flux experiments for the 
laboratory-scale MBR system before addition of Ametryn (Phase 1). The 
subsequent section demonstrates the results obtained during first 29 days after 
addition of Ametryn to the MBR system (Phase 1). This content of findings were 
presented and published as a conference paper. Next, the chapter describes some 
important results related to the operating performance of the MBR system found 
during the Phase 2 operation. The last part of this chapter includes a journal paper, 
which was submitted to Bioresource Technology for publication, describes the 
influence of oligochaete worms on fouling of membrane of a MBR.  
Chapter 4 mainly describes the treatment performance of the hybrid MBR system. 
The initial part of the chapter includes a journal paper, which was submitted to 
Water Science and Technology (peer reviewed and revised according to comments) 
for publication. This section mainly discusses the results obtained during short and 
long term experiments of Phase 1 MBR operation. Then the chapter discusses some 
similar findings during the Phase 2 MBR operation that was carried out under sub-
tropical conditions with different sludge conditions. Findings of several batch 
studies are also explained in this Chapter. The latter part of Chapter 4 includes 
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another journal paper (in-press), which explains the impacts of herbicide Ametryn 
on microbial communities in mixed liquor of the MBR system. This section 
includes the findings of an important batch test which describes the growth of 
bacteria under Ametryn toxicity.  
Chapter 5 consists of another journal paper (in-press) that describes the model 
development and parameter estimation for the MBR system treating Ametryn. The 
model introduced by Nagaoka et al. (1998) was used to explain the production and 
decay of MLSS and bound EPS and the mechanisms of deposition, consolidation 
and inducing membrane resistance by EPS layer. The results obtained during Phase 
1 were used to estimate kinetic parameters related to these fouling mechanisms. The 
chapter also describes the outcome of the same modelling and parameter estimation 
exercise carried out for Phase 2 MBR operation.      
Chapter 6 includes the general conclusions of this study. References used in this 
thesis are listed in Chapter 7 and as the final section, supplementary information is 
attached (Chapter 8). The following flow-diagram depicts the outline of this thesis 
document.  
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CHAPTER 2 
 
2. LITERATURE REVIEW: PERSISTENCE OF 
HERBICIDES IN THE GREAT BARRIER REEF 
CATCHMENTS AND SUITABILITY OF MBR 
TECHNOLOGY FOR REDUCING SUCH DISCHARGES 
Abstract 
Pesticides and herbicides are considered as Persistent Organic Pollutants (POPs) which are mostly 
persistent, bio-accumulative and toxic. Due to rapid urbanization and expansion of farmlands, the 
usage of pesticides and herbicides has increased significantly. Due to this, large quantities of 
pesticides and herbicides are discharged to sensitive environments such as the Great Barrier Reef 
(GBR) ecosystem continuously. The persistence of these POPs has caused serious impacts to the 
environment and to all living beings including humans. This chapter includes a comprehensive 
description of POPs, pesticides/herbicides and their impacts. Although there are significant number 
of studies that has been carried out to investigate the persistence and impacts of pesticides and 
herbicides, the attempt to reduce the discharge of such harmful substances to the environment is 
insufficient. Therefore, this study focuses on reducing the discharges of herbicides to sensitive 
environments such as GBR. Biological, adsorption, wetland and membrane treatment processes can 
be used to remove herbicides from wastewater and agricultural discharges. Subsequent to a 
comprehensive literature review, it was found that Membrane Bioreactor (MBR) technology is much 
superior in the treatment of moderate to high persistent pollutants from wastewater. Therefore, a 
hybrid treatment system consists of a MBR followed by an ultra-violet (UV) disinfection unit and a 
granular activated carbon (GAC) filter was selected for this research study. I organised the content of 
the Chapter 2 as shown below to have a logical continuity. 
 Section 2.1: Persistence, impacts and discharge of herbicides and possible treatment 
technologies available to reduce herbicide discharges (IWA Book Chapter) 
 Section 2.2:  Suitability of MBR system for the treatment of herbicides 
 Section 2.3: Why Ametryn was selected as the herbicide for this study? 
 Section 2.4: A comprehensive literature review on membrane bioreactors (MBRs) 
 Section 2.5: Selection of a hybrid MBR system for this study 
 
 
 
 
The content in Section 2.1 was published in Treatment of Micropollutants in Water and Wastewater: Virkutyte, 
J., Varma, R. S., Jegatheesan, V. (Eds.), IWA Publishing, London, UK, Chapter 11, pp. 425-463 
27 
 
2.1 Existence, impacts, transport and treatments of herbicides 
in Great Barrier Reef catchments in Australia  
2.1.1 Persistent Organic Pollutants 
Persistent Organic Pollutants (POPs) are carbon-based chemical substances that 
persist in the environment, bio-accumulate through the food web, capable of long-
range transport and pose a risk of causing adverse effects to human health and to the 
environment at large. There are only a very few natural sources of POPs, but mostly 
they are generated by human beings through industrial processes, either 
intentionally or as by-products. Most of the POPs are the pesticides used in the past 
and the present and others are used or generated in industrial processes and 
manufacturing of products such as solvents, polyvinyl chloride and pharmaceuticals 
substances. This group of priority pollutants consists of pesticides (such as DDT), 
industrial chemicals (such as Polychlorinated Biphenyls-PCBs) and unintentional 
by-products of industrial processes (such as dioxins and furans). After their usage 
for the intended purpose, a large fraction of these substances will be discharged to 
the environment. In addition to this, as most of the existing conventional wastewater 
treatment plants in the world are not designed for the removal of these persistent 
organic compounds, a significant quantity of persistent and toxic matter is 
discharged to the environment unintentionally.  
With the evidence of long-range transport of these POP substances (semi-volatile) 
to regions where they have never been used or produced and the consequent threats 
they pose to the environment of the whole globe, the societies and organizations 
that are concerned about the global environmental issues have now at several 
occasions called for urgent global actions to reduce and eliminate releases of these 
chemicals (United Nations Environment Program – UNEP). According to Northern 
Perspectives published by the Canadian Arctic Resources Committee (vol. 26, No. 
1, Fall/Winter 2000), most of the POPs generated in the other parts of the world 
have been transported to the Arctic by wind and water, and tends to stay and 
accumulate due to the low evaporation rates in the region devastating the 
environment and living being.   
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In general POPs resist photolytic, biological and chemical degradation to a varying 
degree and they are often halogenated and demonstrated low water solubility and 
high lipid solubility, resulting bioaccumulation in fatty tissues. On the other hand, 
POPs are highly toxic, causing a wide array of adverse effects and diseases to the 
human and other life forms. They can cause dangerous diseases such as cancer, 
chronic allergies and hypersensitivity; damage to the central and peripheral nervous 
systems; reproductive disorders; and disruption to the immune system. Most of 
these POPs have the ability to transmit from present generation to the next 
generation via human or animal body and therefore, the consequences of these 
POPs will not  be known for another 50 to 100 years.  
The Stockholm Convention on POPs (managed by UNEP), which was adopted in 
2001 and entered into action in 2004, is a global treaty whose purpose is to 
safeguard human health and the environment from highly harmful chemicals that 
are already persisting in the environment and generated by human activities 
intentionally and unintentionally. This convention on POPs initially identified 12 
dangerous chemicals (Table 2.1) and considered that these chemicals could damage 
the health and life of humans and wildlife mostly. Because of this reason, most of 
the countries in the world have already banned or strictly limited the usage and 
production of these chemicals (Australia has banned the usage and production of 
all pesticides except the insecticide Mirex and other industrial chemicals listed by 
the Stockholm Convention in 2004) and the Convention began adding new 
additional chemical substances in May 2009 (Table 2.2) and committed to adding 
chemicals that cause adverse impact to the human life and the environment globally 
in an on-going basis.   
POPs are broadly categorised in to two groups: (i) intentionally produced chemicals 
and (ii) unintentionally generated chemicals. However, according to the Stockholm 
Convention, the POPs are divided in to three groups: (i) pesticides, (ii) industrial 
chemicals and (iii) by-products. POPs also can be classified as Endocrine 
Disrupting Compounds (EDCs), dioxins and furans (see Tables 2.3 and 2.4). As per 
World Health Organisation/ International Programme on Chemical safety 
(WHO/IPCS) 2002, EDC is an exogenous substance or mixture that alters 
function(s) of the endocrine system and consequently causes adverse health effects 
in an intact organism, its progeny or (sub) population. EDCs are subdivided into 
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two broad categories and they are Pesticides/Insecticides and Pharmaceutical and 
Personal Care Products (PPCPs). According to the United states Environmental 
Protection Agency (US EPA), the term dioxin is commonly used to refer to a family 
of toxic chemicals that share similar chemical structure and a common mechanism 
of toxic action. This family includes seven of the polychlorinated dibenzo dioxins 
(PCDDs), ten of the polychlorinated dibenzo furans (PCDFs) and twelve of the 
polychlorinated biphenyls (PCBs).   
Table 2.1 The POPs that have been recognized as the “Dirty Dozen”         
Category POP Name 
Global Historical Use/ 
Source 
Adverse Impact to Humans 
and Wildlife 
Pesticides Aldrin  Applied to soil to kill 
termites, grasshoppers, 
corn rootworms and other 
insect pests 
Lack of quantitative information 
as Aldrin is readily metabolized 
to Dieldrin in both plants and 
animals. Overdoses can kill 
birds, fish and humans. Signs 
and symptoms of Aldrin 
intoxication include headaches, 
dizziness, nausea, vomiting, etc.  
Chlordane Used on agricultural 
crops such as vegetable, 
grains, maize, potatoes, 
sugarcane, nuts, cotton, 
etc., as a insecticide to 
control termites. 
Significant changes in the 
immune system, a possible 
human carcinogen, acute toxicity 
to pink shrimp, rats, monkeys, 
etc. 
DDT Used excessively during 
World War II to control 
spreading of malaria, 
typhus and other vector 
borne diseases. Also used 
for agricultural crops to 
control certain diseases. 
A possible human carcinogen, 
highly toxic to fish, shrimp, 
rainbow trout, birds (adverse 
impact on reproduction), very 
persistent in the environment and 
can be transported long 
distances. 
Dieldrin Used principally to 
control termites and 
textile pests and control 
insect-borne diseases and 
insects living in 
agricultural soils.   
Highly toxic to most species of 
fish, frogs, birds and most of 
other animals. High bio-
accumulating and log range 
transport properties and 
deposited heavily in Arctic.  
Endrin Sprayed as an insecticide 
on the leaves of crops 
such as cotton and grains. 
Also used to control 
rodents (mice and voles). 
Highly toxic to fish and very 
high potential to bio-concentrate 
in organism. Long range 
transport properties and detected 
in Arctic freshwater. 
Hexachlorobenzene 
(HBC) 
Introduced in 1945 to 
treat seeds and kills fungi 
in crops and control 
wheat bunt. By-product 
of manufacturing certain 
industrial chemicals. 
Potential to have symptoms of 
photosensitive skin lesions, 
hyperpigmentation, hirsutism, 
colic, severe weakness, 
prophyrinuria and debilitation. 
Can develop a metabolic 
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disorder called porphyria turcica 
and 14 % could die.  
Heptachlor Used to kill soil insects 
and termites and cotton 
insects, grasshoppers, 
other crop pests and 
malaria carrying 
mosquitoes.    
A possible human carcinogen 
and Heptachlor can affect the 
immune responses. Impacted 
severely to cause declination in 
the population of several bird 
species. Bio-concentrates in 
organisms. 
Mirex Used as an insecticide 
mainly to combat fire 
ants. Also used as a fire 
retardant in plastics, 
rubber, and electrical 
goods.  
A possible human carcinogen 
and it is toxic to several plant 
and fish species. One of the most 
stable pesticides having a half-
life of 10 years. 
Toxaphene Used as an insecticide on 
cotton, cereal grains, 
fruits, nuts and 
vegetables. Also used to 
control ticks and mites in 
livestock.  
A possible human carcinogen 
and 50% of a toxaphene release 
can persist in soil up to 12 years. 
It is highly toxic and it has long 
range transport properties. 
Industrial 
Chemicals 
Polychlorinated 
Biphenyls (PCBs) 
Used in variety of 
industrial processes 
including in electrical 
transformers and 
capacitors, heat exchange 
fluids, as plant additives, 
in carbonless copy 
papers, in paint additives 
and in plastics. Also 
produced unintentionally 
during combustion. 
PCBs are toxic to fish, killing 
them at high doses. Affect 
reproductive and immune 
systems in various wild animals. 
Humans are exposed to PCBs via 
food contamination. Have 
evidence for disorders in kids 
whose mothers are contaminated 
with PCBs. PCBs also suppress 
the human immune system and 
are listed as probable human 
carcinogens.  
By-
Products 
Dioxins Unintentionally produced 
as by-products mainly in 
the production of 
pesticides and other 
chlorinated substances, 
and sometimes found as 
trace contaminants in 
certain herbicides, wood 
preservatives and in PCB 
mixtures. Not used for 
any purpose. 
Cause adverse effects in humans 
including immune and enzyme 
disorders and chloracne. Also 
recognized as a possible human 
carcinogen. 
Furans Furans are a major by-
product during production 
of PCBs. Also detected in 
emissions of waste 
incinerators and 
automobiles.  
Impacts on human and other 
species are similar to Dioxins.  
 
 
 
Table 2.1 (continued…) 
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Table 2.2 Newly listed chemicals as POPs by Stockholm Convention in May 2009 
Category New additional Chemicals 
Pesticides Chlordecone, Alpha Hexachlorocyclohexane, Beta hexachlorocyclohexane, 
Lindane, Pentachlorobenzene 
Industrial Chemicals Hexabromobiphenyl, Hexabromodiphenyl ether and Heptabromodiphenyl 
ether, Pentachlorobenzene, Perfluorooctane sulfonic acid, its salts and 
Perfluorooctane Sulfonyl fluoride, Tetrabromodiphenyl ether and 
Pentabromodiphenyl ether 
By-products Alpha hexachlorocyclohexane, Beta hexachlorocyclohexane and 
Pentachlorobenzene 
 
Table 2.3 Classification of POPs as EDCs 
Category Sub Category POP Chemicals 
EDCs 
Pesticides 2,4-D, Atrazine, Benomyl, , Carbaryl, Cypermethrin, 
Chlordane (-HCH), DDT and its metabolites, Dicofol, 
Dieldrin/Aldrin, Endosulfan, Endrin, Heptachlor, 
Hexachlorobenzene (HCB), Iprodione, Kepone (Chlordecone), 
Lindane, Malathion, Mancozeb, Methomyl, Methoxychlor, 
Mirex, Parathion, Pentachlorophenol, Permethrin, Simazine, 
Toxaphene, Trifluralin and Vinclozolin 
 Organohalogens Dioxins and furans, PCBs, PBBs and PBDEs, 2,4-
Dichlorophenol 
 Alkylphenols Nonylphenols, Octylphenols, Pentaphenols, Nonylphenol 
ethoxylates, Octylphenol ethoxylates and Butylphenols 
 Heavy Metals Cadmium, Lead, Mercury and Arsenic 
 Organotins  Tributyltin (TBT), Triphenyltin (TPhT) 
 Phthalates Di-ethylhexyl phthalate, Butyl benzyl phthalate, Di-n-butyl 
phthalate, Di-n-pentyl phthalate, Di-hexyl phthalate, Di-propyl 
phthalate, Dicyclohexyl phthalate, Diethyl phthalate 
 Natural Hormones 17-Estradiol, Estrone, Estriol and Testosterone 
 Pharmaceuticals Ethinyl estradiol, Mestranol, Tamoxifen and Diethylstilbestrol 
(DES) 
 Phytoestrogens Isoflavonoids, Coumestans, Lignans, Zearalenone and -
sitosterol 
 Phenols Bisphenol A and Bisphenol F  
 Aromatic 
Hydrocarbons 
Benzo(a)pyrene, Benzo(a)anthracene, Benzo(b/h)fluoranthene, 
6-hydroxy-chrysene, Anthracene, Pyrene, Phenanthrene and n-
Butyl benzene 
 
PCDDs and PCDFs are not commercial chemical products but are trace level 
unintentional by-products from most forms of combustion and several industrial 
chemical processes. As explained by Jones and Sewart (1997), PCDDs and PCDFs 
have two basic chemical structures (Figure 2.1); however, two benzene rings of 
PCDDs are connected by two oxygen atoms while two benzene rings of the PCDFs 
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are bonded by C-O-C and C-C chains. Both groups of chemicals could have up to 
eight chlorine atoms and their toxicity would vary depending on the number of 
atoms and their position.  
 
 
 
 
 
 
 
All dioxins and furans that have same number of chlorine atoms are in the same 
“homologous” series and depending on their position they are called as different 
compounds or “congeners”. The most toxic congener is 2,3,7,8-TCDD 
(tetrachlorinated dibenzo-p-dioxin). 
Table 2.4 Classification of POPs as Dioxins and Furans (Source: Jones and Sewart, 1997) 
Category 
Homolog Name and Abbreviation 
Possible compounds of 
PCDDs and PCDFs 
Dioxins MonochloroDD (MCDD) 2 
DichloroDD (DCDD) 10 
TrichloroDD (TrCDD) 14 
TetrachloroDD (TCDD) 22 
PentachloroDD (PeCDD) 14 
HexachloroDD (HxCDD) 10 
HeptachloroDD (HpCDD) 2 
OctachloroDD (OCDD) 1 
Furans MonochloroDF (MCDF) 4 
 DichloroDF (DCDF) 16 
 TrichloroDF (TrCDF) 28 
 TetrachloroDF (TCDF) 38 
 PentachloroDF (PeCDF) 28 
 HexachloroDF (HxCDF) 16 
 HeptachloroDF (HpCDF) 4 
 OctachloroDF (OCDF) 1 
 
2.1.2 Pesticides and Herbicides 
Pesticides are generally used as a chemical substance against any pest. On the other 
hand herbicides are used to kill unwanted weeds and plants. Selective herbicides 
kill specific targeted weeds and plants while leaving the desired crop relatively 
(a) (b) 
Figure 2.1 Basic chemical structures of (a) PCDDs and (b) PCDFs  
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unharmed. Some of these act by interfering with the growth of the weed and are 
often synthetic "imitations" of plant hormones.  
Generally, herbicide and pesticide contaminated surface water is mainly discharged 
from the agricultural lands during wet season, and at the same time a significant 
amount of herbicide and pesticide residues are discharged in to the environment 
through the existing wastewater treatment plants all over the world unintentionally. 
According to Gerecke et al. (2002), in Switzerland, 75% of the herbicide/pesticide 
load that is entering the surface waters is through the existing wastewater treatment 
plants. In addition to the above, a large amount of pesticide/herbicide residues can 
be discharged in to the soil and water ways via the industries related to 
manufacturing, packaging, transporting, storing and delivering & distributing 
pesticides and herbicides. 
The use of pesticides to protect crops has become current practice which enhances 
the crop yield significantly. Although this benefits the agricultural industry, the risk 
to the environment by polluting the soil and ground and surface waters must be 
considered seriously. The quality of soil and water bodies deserves particular 
attention in order for the survival of ecosystems and water supplies.   
Similar to other POPs, herbicides and pesticides also undergo a number of 
degradation processes during storage, and both during and after the application. 
These reactions require certain time to reach equilibrium and so far it is not known 
exactly the specific percentages or effects of degradation products resulting from 
breakdown of pesticides and herbicides. However, it is a fact that they are persistent 
in the environment as active pesticides/herbicides or as their metabolites with high 
ecotoxicity. 
As mentioned above, nine out of twelve priority POPs identified by the United 
Nations Environment Programme (UNEP) belong to the pesticide group and they 
are: DDT, Mirex, Hexachlorobenzene (HCB), Aldrin, Dieldrin, Toxaphene, 
Heptachlor, Endrin and Chlordane and they all are organic chlorinated compounds. 
Herbicides that are designated as high priority POPs by the UNEP include, 2,4-
dichlorophenoxy acetic acid (2,4-D), 4-chloro-2-methylphenoxyacetic acid  
(MCPA), 3-chlorobenzonic acid (3-CBA) and 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T). However, most of these pesticides and herbicides are now banned in 
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many countries as it was identified that these POPs have serious adverse influence 
on human health in addition to the damage they cause to the environment.  
Therefore, this chapter will mainly focus six new generation herbicides and 
properties of three of them are listed in Table 2.5. At present, these herbicides are 
widely used in the farmlands located in the Great Barrier Reef (GBR) catchment 
areas.  
Their IUPAC names of these commonly used new generation herbicides are: (a) 
Diuron - 3-(3,4-dichlorophenyl)-3, 3-dimethylurea, (b) Atrazine - 6-chloro-N
2
-
ethyl-N
4
-isopropyl-1,3,5-triazine-2,4-diamine (c) Ametryn – N2-ethyl-N4-isopropyl-
6-methylthio-1,3,5-triazine-2,4-diamine (d) Hexazinone – 3-cyclohexyl-6-
dimethylamino-1-methyl-1,3,5-triazine-2,4 (1H, 3H)-dione (e) Simazine – 6-chloro-
N
2
,N
4
-diethyl-1,3,5-triazine-2,4-diamine (f) Tebuthiuron - 1-(5-tert-butyl-1,3,4-
thiadiazol-2-yl)-1,3-dimethylurea. All these six herbicides fall into Photosystem II 
herbicide group, which is broadly divided into two distinct groups called 
Phenylurea and Triazines (Jones, 2005).    
As stated earlier, herbicides/pesticides are persistent and accumulate in the fatty 
tissues of living organisms and are harmful to human and wildlife. A large number 
of research studies have been carried out in this area and those studies have revealed 
that residues of these pesticides and herbicides and other POPs in human body 
could cause many common diseases such as cancer, immunological and 
reproductive disorders and blocking of hormones.  Low levels of pesticide residues 
in potable water generally may not pose acute toxicity problems, but could cause 
chronic effects (Ahmad et al., 2008). 
As it was found that there are many adverse impacts to human life by the 
consumption of pesticide/herbicide and POP contaminated water for a long time, 
most of the major drinking water treatment plants have been upgraded in developed 
countries with suitable advanced treatment methods such as Reverse Osmosis (RO) 
or nano-filtration (NF). However, the rapid deterioration to the global ecosystem 
and to the marine life due to the deposition of these POPs including pesticide and 
herbicide residues has been now recognized as a major problem but ignored for a 
long period of time.  
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Table 2.5 Properties of Photosystem II herbicides used in the farmlands of the GBR catchments 
Properties Diuron Atrazine Ametryn 
Molecular Weight 233.10 215.69 227.33 
Molecular Formula C9H10Cl2N2O C8H14ClN5 C9H17N5S 
Melting Point (
o
C) 158-159 173-175 84-85 
Appearance White Crystalline Solids Colourless Crystals White Powder 
Solubility 36-42mg/L in water 
(25
o
C) 
34.7mg/L (water 22
o
C) 
and 31 g/L (acetone 
25oC) 
185 mg/L (water 
20
o
C) and readily 
dissolves in 
solvents (acetone) 
Purpose phenyl-urea herbicide to 
enhance grass killing 
chloro-triazine herbicide  
to control broad leaf 
weeds 
methyl-thio-triazine 
herbicide to control 
grass 
IUPAC Name 3-(3,4-dichlorophenyl)-
1,1-dimethylurea 
6-chloro-N2-ethyl-N4-
isopropyl-1,3,5-triazine-
2,4-diamine 
N2-ethyl-N4-
isopropyl-6-
methylthio-1,3,5-
triazine-2,4-
diamine 
Stability Sunlight degrades Degrades faster in acidic 
and base environments 
Hydrolysis fast in 
strong 
alkaline and acid 
media 
Hydrolysis half life 
(days) 
1490 (pH 5), 1240-2180 
(pH 7) & 2020 (pH 9) 
34.8, 174, 398 and 742 at 
pHs of 2.9, 4.5, 6.0 and 
7.0 
28 
Aqueous photolysis 
half-life (days) 
43.1-2180 (pH 7, 25
o
C) 25hrs. (10mg/L, 15
o
C) 10.2 hrs. (pH 6.8) 
Aerobic/anaerobic soil 
degradation (days) 
372/995 13/261 37/189 
Field dissipation half-
life (days) 
99.9-134 60 125-250 
Octanol-water 
coefficient (Log Kow) 
2.81-2.87 2.60-2.71 2.83 
Soil adsorption 
coefficient (Log Koc) 
2.62-2.75 1.96-2.98 2.88 
Density 1.48 g/cm
3
 1.23 g/cm
3
  1.19 g/cm
3
 
Chemical Structure 
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2.1.3 Great Barrier Reef (GBR) 
2.1.3.1 Background 
The GBR World Heritage Area (GBRWHA) is jointly managed by the Australian 
Federal Government, through the Great Barrier Reef Marine Park Authority, and 
the Queensland State Government, through the Environmental Protection Agency 
(Queensland Parks and Wildlife Service). In addition to this, the land management 
in the catchment areas, where the sources of major pollutants are generated and 
discharged to the GBR lagoon are managed by the Queensland State Department of 
Natural Resources, Mines and Energy (Hutchings et al., 2005). 
The GBR, which was designated as a world heritage area in 1981 is the largest coral 
reef ecosystem in the world, spreading over an area of 350,000 km
2
 in the 
North/East and spans almost 2000 km of the East coast of Queensland, Australia 
(Johnson and Ebert, 2000). Australia’s GBR is precious to the entire nation due to 
its ecological and biological processes, significant habitats for biodiversity and its 
exceptional natural beauty.  
The coastal region adjoining GBR World Heritage Area (GBRWHA) is divided in 
to a number of wet and dry tropical catchments and most of them are less than 
10,000 km
2
 in area (Brodie et al., 2001). However, the Burdekin (133,000 km
2
) and 
Fitzroy River catchments (143,000 km
2
) are the largest catchments in Australia. 
 According to Moss et al. (2005), GBR catchment is primarily used for cattle 
grazing for beef production (77%). In addition to this, about 1% of the land in the 
river valleys and the floodplains are used for cropping sugarcane and 0.2% of the 
land is used for cropping each horticulture and cotton. 
The Queensland sugarcane industry established in the GBR catchments is the most 
intensive agricultural industry and it generates approximately AUD 1.75 billion 
annually to the Australian economy. In addition to the above, there are thousands of 
small-scale cropping lands located in GBR catchments and growing various types 
of agricultural products.    
Australia is willing and able to finance towards the protection of the environment 
and the control of water pollution and it has expert knowledge and resources in 
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order to achieve those tasks. The Government of Australia has put forward the Reef 
Water Quality Protection Plan (Anon, 2003) in order to control and eliminate the 
deterioration of the Australian Reef areas including GBR World Heritage Area due 
to the discharge of sediments, nutrients and persistent pollutants such as herbicides. 
The efforts taken towards the prevention of decline in the water quality in the GBR 
lagoon have been mainly focused on analysing the extent of damage to the 
ecosystem and identifying the root causes. These studies and results would be very 
valuable to design practical, sustainable and economical strategies to control the 
discharge of pollutants that damages in the GBR World Heritage Area.       
2.1.3.2 Transport of Herbicides and Pesticides into the GBR  
It is a known fact that the GBR catchment has been extensively modified and 
changed since the European settlement by forestry, urbanization and agriculture. As 
shown in Figure 2.2, the largest land use in the GBR catchment is cropping, mainly 
with sugarcane and this industry has increased steadily over the last 100 years with 
a total area reaching 390,000 ha in 1997 (Brodie et al., 2001). During this transition 
time significant areas of freshwater wetlands of the major rivers in the GBR 
catchments have been reclaimed for agricultural and urban use. Most of the 
sugarcane cultivation areas are mainly located near the coast (lowland areas) of the 
catchments and due its rapid increase in application of herbicides and pesticides, 
sugarcane industry is considered to be the most influencing industry on the 
sustainability of the GBR ecosystem. Cotton, horticulture and bananas are the other 
mostly influencing agricultural sectors to the GBR ecosystem. However, major 
proportion of the GBR catchment is still occupied by cattle grazing (Table 2.6). 
The recent actions taken by the Australian sugar industry towards more sustainable 
practices, such as minimum cropping-land preparation, have resulted in an 
increased reliance on herbicides (Johnson and Ebert, 2000), particularly for the 
control of weeds in ratoon crops. This continuous rapid expansion of the farming 
industry in the GBR catchments as well as the increase in the usage of herbicides, 
insecticides and fungicides have contributed to high rate of discharge of these toxic 
wastes to the GBR lagoon during wet seasons (Table 2.7).  
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Figure 2.2 Change of land use (ha x 1000) in the lower Herbert River catchment over 140 years 
(Brodie et al., 2001) 
It has been found that there is a three to seven fold increase in the usage of 
herbicides (e.g., Atrazine, Diuron and 2,4-D) over the last 30 to 40 years
 
(Johnson 
and Ebert, 2000).  It is a fact that organochlorine insecticides such as DDT, Aldrin, 
Heptachlor, Chlordane, Lindane and Dieldrin were used in the sugar and 
horticultural industries since the 1950s and have been banned in the 1980s and 90s 
(Cavanagh et al., 1999).  However, large quantities of those chemicals are still 
deposited in the farmlands of the GBR catchments and are being transported to the 
GBR lagoon with the agricultural run-offs. There are many evidences available to 
state that Trazine (Atrazine), Organochlorine and Phenylurea herbicides (Diuron 
and 2, 4-D) and Organophotphate pesticides (Chlorpyrifos) are still being heavily 
used in the agricultural areas of the GBR catchments (McMahon et al., 2005; 
Mitchell et al., 2005; Negri et al., 2009; Haynes et al., 2000 a & b; Duke et al., 
2005; Moss et al., 2005; Shaw and Müller, 2005; Davis et al., 2008; Lewis et al., 
2009; Johnson and Ebert, 2000; Cavanagh et al., 1999).  
Table 2.7 illustrates annual flow of Diuron and Atrazine loads to the GBR lagoon 
via some of the selected waterways. Although the fertilizers and pesticides applied 
to the land are taken by the crops, a significant portion is collected in recycling 
ponds which exist only in a few large farmlands. However overflows from those 
ponds during wet seasons to neighbouring creeks, rivers, etc., end up in the GBR 
lagoon (Figure 2.3). 
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Table 2.6 Land Uses in selected Queensland Catchments adjoining GBR Marine Park 
Catchment Total 
area (ha) 
% of Catchment 
Timber Pristine Grazing     Sugar        Other 
Daintree 213 37.7 31.7 26.7 1.8 2.1 
Mossman 49 30.4 11.0 44.6 10 4.0 
Barron 218 36.4 2.0 47.7 2.1 11.8 
Mulgrave/Russel 202 16.9 25.1 38.9 13.1 6.0 
Johnston 233 25.3 12.8 41.6 14.8 5.5 
Tully 169 62.5 2.1 20.7 9.6 5.1 
Murray 114 32.9 27.3 29.6 6.1 4.1 
Herbert 1,013 9.5 9.7 71.1 6.6 3.1 
Black 108 18.0 9.3 67.4 0.7 4.6 
Houghton 365 0.8 10.8 74 10.4 4.0 
Burdekin 12,986 1.0 1.3 94.8 0.2 2.7 
Don 389 0.2 2.6 91.3 1.1 4.8 
Proserpine 249 9.6 4.0 74.6 7.5 4.3 
O'Conelle 244 7.6 4.4 70.5 11.1 6.4 
Pioneer 149 22.7 6.1 48.5 17.9 4.8 
Plane 267 4.3 2.9 67.4 21 4.4 
Fitzroy 15,264 6.7 2.3 87.5 0 3.5 
Baffle 386 12.2 4.4 75.9 0.4 7.1 
Kolan 298 12.5 0.0 79 4.5 4.0 
Burnett 3315 12.9 0.4 79.9 0.8 6.0 
Burrum 334 26.9 6.3 53.4 8.8 4.6 
Mary 960 28.3 0.6 64.5 1.2 5.4 
Other - Banana/fruits, vegetables, grain, cotton, sunflower, peanuts, irrigated forage crops, urban areas (roads, 
railways, dwellings, etc.), etc  
Pristine - National Parks, Conservation Parks and Resource Reserves 
Source - Report submitted to Productivity Commission (September 2002) by Queensland Cane 
Growers Organization Limited  
 
Table 2.7 Annual Herbicide Loads Discharged to the GBR Lagoon and its Catchments: Source 
Lewis et al., 2009 and Davis et al., 2008 
Location 
Quantities of Herbicides discharged to the GBR Lagoon Annually 
2007/2008   2006/2007   2005/2006 
Diuron  Atrazine   Diuron Atrazine   Diuron Atrazine  
West Bararatta Creek 44 70   79 116   46 80 
Houghton River 16 25   39 26   63 72 
Pioneer River RNA RNA   470 310   RNA RNA 
Sandy Creek RNA RNA   200 66   RNA RNA 
O'Connell River RNA RNA   31 20   30 6.6 
Upper Barratta Creek 53 77   45 100   37 57 
East Barratta Creek 28 44   53 108   RNA RNA 
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Figure 2.3 Transport routes of herbicides to the GBR lagoon 
2.1.3.3 Persistence of Herbicides and Pesticides in the GBR Catchments and 
Lagoon 
Until the recent past, the impacts of herbicides and pesticides were not considered 
as a serious issue due to lack of research work in this area. However, now it has 
been found that there is a significant amount of pesticide and herbicide residues are 
in the GBR lagoon. 
Lewis et al. (2009) showed a comprehensive dataset that examines the sources, 
transport and distribution of pesticide residues from selected GBR catchments to the 
GBR lagoon. They also showed that elevated concentrations of herbicide residues 
persist in the GBR lagoon even several weeks after the floods have reached the 
lagoon.  They detected several pesticides (mainly herbicides) in both freshwater and 
coastal marine waters which were attributed to specific land uses in those 
catchments and found that elevated herbicide concentrations were particularly 
associated with sugar cane cultivation in adjacent catchments. Hence, the 
management of agricultural runoff is a key goal in improving the water quality in 
the coastal GBR lagoon (Anon, 2003). Herbicide residues have been detected in 
waterways of the GBR catchments (Davis et al. 2008; Ham, 2007; McMahon et al., 
2005; Mitchell et al., 2005; Stork et al., 2008) as well as in intertidal/sub-tidal 
sediments (Duke et al., 2005; Haynes et al., 2000a), mangroves
 
(Duke et al., 2005), 
sea-grass (Haynes et al., 2000a) and waters surrounding inshore coral reefs (Shaw 
and Müller, 2005). However, pesticide runoff has not previously been traced from 
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those catchments to the GBR lagoon.  River water plumes form in the GBR lagoon 
following wet season rains (December to April) that lead to large water volumes 
being discharged from the rivers of the GBR catchments.  These event flows supply 
virtually all land-based materials (suspended sediment, nutrients and pesticides) 
transported annually to the GBR lagoon (Devlin and Brodie, 2005). The herbicides 
such as Diuron, Atrazine, Hexazinone and Ametryn were detected frequently and in 
relatively high concentrations (Table 2.8), while other pesticides were detected only 
infrequently.  These herbicides were frequently detected at the highest 
concentrations at sites draining sugarcane, and the former three compounds also 
detected at sites in the urban land use category (Lewis et al., 2009). 
According to the results revealed by Lewis et al. (2009), the highest Diuron 
concentrations were 19 μgL-1 in the Tully-Murray region, 3.8 μgL-1 in the 
Burdekin-Townsville region and 22 μgL-1 in the Mackay Whitsunday region; all 
associated with more than 10% sugarcane cultivation as the main land use.  They 
noted that Diuron residues were consistently above the Australian and New Zealand 
Environment Conservation Council (ANZECC) and Agriculture and Resource 
Management Council of Australia and New Zealand (ARMCANZ) ecological 
trigger value (0.2 μgL-1) at the sites draining sugarcane farm run-offs monitored in 
three regions.   
Davis et al. (2008) found Atrazine (<0.01 to 0.08 µg/L: 13 out of 14 samples 
collected) and Diuron (<0.01 to 0.08 µg/L: 12 out of 14 samples collected) in flood 
plume produced from the Haughton River and Barratta Creek in 2007.  It was also 
found that Diuron in certain seagrass (Haynes et al., 2000a) and coral species (0.10 
and 0.30 µg/L respectively) (Jones and Kerswell, 2003). On the other hand, Lewis 
et al. (2009) found that the peak concentrations of Atrazine residues were 1.0 μgL-1 
in the Tully-Murray region, 6.5 μgL-1 in the Burdekin-Townsville region and 7.6 
μgL-1 in the Mackay-Whitsunday region; all peak concentrations in these regions 
were associated with sugarcane farms sites draining more than 10% runoff. The 
summary of herbicides found in the GBR lagoon and its catchments, together with 
their maximum concentrations by several researchers are shown in Table 2.8 below. 
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Table 2.8 Herbicide Concentrations in the GBR Lagoon and its Catchments 
No Type of Herbicide Maximum 
Concentra
tion 
(µg/L) 
Location Reference 
1 Diuron 8.50 Rivers flowing to GBR White et al. (2002) 
2 Diuron 0.1 – 1.00  Coastal waters in North QLD Haynes et al. (2000b) 
3 Sum of 8 herbicides 
Diuron 
Diuron/ Atrazine 
Sum of 8 herbicides 
0.070 
0.050 
1.1 ng/g 
4.26 
Hervey Bay (water) 
Hervey Bay (water) 
Hervey Bay (sediments) 
Mary river (water) 
McMahon et al. (2005) 
4 Atrazine 
Diuron 
2,4-D 
Hexazinone 
Ametryn 
   1.20 
  8.50  
0.40 
0.30 
0.30 
Pioneer river catchment, 
Gooseponds Creek, Sandy 
Creek and Carmila Creek in 
Mackay Witsunday Region in 
QLD 
Mitchell et al. (2005) 
5 Diuron 
Diuron 
Diuron 
Atrazine 
Atrazine 
Atrazine 
19.00 
3.80 
22.00 
1.00 
6.50 
7.60 
Tully Murray 
Burdekin-Townsville 
Mackay Whitsunday 
Tully Murray 
Burdekin-Townsville 
Mackay Whitsunday 
Lewis et al. (2009) 
6 Diuron 1.2-6.0 
1.0-8.2 
2.4-6.2 
McCreadys Creek 
Pioneer river 
Bakers Creek 
Duke et al. (2005) 
 
2.1.3.4 Impact to the GBR Ecosystem due to the Persistence of Herbicides 
and Pesticides  
Laboratory-based ecotoxicological tests show that marine photosynthetic organisms 
are vulnerable to the exposure of herbicides, including macroalgae (Magnusson et 
al., 2008; Seery et al., 2006), mangroves (Bell and Duke, 2005), seagrass (Haynes et 
al., 2000a) and corals (Cantin et al., 2007; Jones, 2005; Jones and Kerswell, 2003; 
Jones et al., 2003; Negri et al., 2005; Owen et al., 2003) with certain species are 
more sensitive than the others. 
During the investigations carried out by Haynes et al. (2000b)  to check the impact 
of Diuron on seagrass, it was revealed that the lowest observable effect 
concentrations of Diuron exposure can be up to two orders of magnitude different 
for the species Halophila ovalis and Zostera capricorni (both 0.1 µgL
-1
) compared 
to that for  Cymodocea serrulata (10 µgL
-1
). They concluded that the impact from 
these herbicides and pesticides depends on the type of marine species. 
The assessment of risk of herbicide exposure in the GBR marine life is further 
complicated by the different toxicity of various herbicides.  Studies on the same 
species of marine plants have shown that Diuron affects photosynthesis at lower 
doses than those of Atrazine, Hexazinone or Tebuthiuron (Bell and Duke, 2005; 
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Jones, 2005; Jones and Kerswell, 2003; Jones et al., 2003; Magnusson et al., 2008; 
Owen et al., 2003 and Seery et al., 2006).  In addition, the toxicities of degradation 
products of herbicide residues in the GBR lagoon are largely unstudied and may be 
equal or greater than the toxicities of the parent compounds (Giacomazzi and 
Cochet, 2004; Graymore et al., 2001; Stork et al., 2008). The majority of eco-
toxicological studies have quantified short-term effects of herbicide exposure 
(exposure times of hours to days) using pulse amplitude modulation chlorophyll 
fluorescence techniques as a measure of effective quantum yield of the photosystem 
of the target plant (Bell and Duke, 2005; Haynes et al., 2000b; Jones, 2005; 
Magnusson et al., 2008).  Lowest observable effect concentrations (decline in 
quantum yield) in these experiments have been recorded within hours of exposure at 
levels as low as 0.1 μgL-1, although most species recovered after the exposure 
ceased (Haynes et al., 2000b; Jones, 2005; Jones and Kerswell, 2003; Jones et al., 
2003; Negri et al., 2005).  The results (Lewis et al., 2009) show that herbicide 
residues can persist in the GBR lagoon over longer timescales (weeks) than the 
exposure times applied in most eco-toxicological studies.  However, chronic effects 
of long-term herbicide exposure to GBR plant communities would develop over a 
longer timeframe.  A decline in the reproductive output of corals was reported 
following Diuron exposure over a period of 50 days (Cantin et al., 2007).  In 
addition, chronic exposure to Diuron (and possibly Ametryn) residues have been 
implicated as the cause of severe mangrove dieback of A. marina in the Mackay 
Whitsunday region which has been developed progressively over a period of 10 
years (Duke et al., 2005). 
Based on Hayes et al. (2002) and Hays et al. (2003), the endocrine disrupting 
effects of Atrazine on some amphibian fauna, such as inducement of 
hermaphroditism at concentrations as low as 0.1µg/L highlight their sensitivity to 
pesticide concentrations far below traditional toxicological methodologies. Some of 
the impacts to the GBR marine species due to the existence of common herbicides 
are tabulated in Table 2.9. The Table implies that the key task is to manage the 
agricultural runoff towards the GBR lagoon in order to achieve a sustainable 
solution to eliminate further deterioration of the ecosystem in the GBR. Hence, 
improvement in the quality of discharge that enters the GBR lagoon is the best 
solution to save the ecosystem of the lagoon.   
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Table 2.9 Impact to Marine Species due to presence of Herbicides 
No Description of Impacts Reference 
1 Diuron up to 1000 µg/L – Acropora millepora and Montipora 
aequituberculata oocytes (not inhibited) 
Diuron 10 µg/L exposure 96 hrs. – Bleaching of two weeks old 
P. damicornis 
Diuron 1 µg/L exposure 2 hrs. – reduction of photosynthetic 
efficiency in P. damicornis  
Negri et al. (2005) 
2 Atrazine 0.1 µg/L  - Disrupt Steroidogenesis in amph ibians  Hayes et al. (2002) 
3 Diuron 10 – 100 µg/L exposure 2 hrs. – Decline quantum yield 
in Cymodocea serrulata, and Zostera capricorni 
Diuron 0.1 – 1 µg/L exposure 1 hr. – Decline quantum yield in 
Halophila ovalis 
Haynes et al. (2000b) 
4 Diuron, Atrazine and Simazine 10 – 50 ng/L – impact to 
Seagrass health  
McMahon et al. (2005) 
5 Diuron 0.5-2 µg/L – 10 reduction of microalgae photosynthetic 
efficiency 
Mitchell et al. (2005) 
6 Diuron 1 µg/L or 3 µg/L exposure of 10 hrs Acropora  formosa 
(coral) – reduce photosynthetic efficiency 
Jones et al. (2003) 
7 When Diuron concentration is more than 2 µg/kg in sediments, 
it was noticed that A. marina was either absent, unhealthy or 
dead in all estuaries including in Mackay region 
Duke et al. (2005) 
 
Although there have been many research work carried out in order to quantify and 
identify the pesticide and herbicide residues in the GBR lagoon and the water 
bodies in the GBR catchment area, very little effort has been taken to research to 
find a suitable economical solution to improve the quality of effluent discharged to 
GBR lagoon and to the water plumes in the catchment.  
2.1.4 Removal of herbicides by different Water Treatment processes 
Most of the community water supply schemes, which are located in the GBR 
catchment areas, consist of conventional treatment methods such as coagulation-
flocculation, sedimentation and conventional filtration. As it is a fact that the 
waterways in the GBR catchment are contaminated with pesticides and other POPs 
and micropollutants, these conventional treatment strategies are not effective in 
removing such pollutants. The inefficiency in the removal of pesticides from such 
conventional water treatment methods is evident from the results obtained by 
Miltner et al. (1989) (see Tables 2.10, 2.11 and 2.12). 
On the other hand, the type of disinfectant used and the length of contact time are 
important to assess the level of water treatment. Generally the disinfection process 
in water treatment is carried out to kill the pathogens such as bacteria, viruses, 
amoebic cysts, algae and spores from the treated water. According to a study carried 
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out by Miltner et al. (1987), different oxidants (ozone, chlorine dioxide, chlorine, 
hydrogen peroxide and potassium permanganate) were tested for their ability to 
remove Alachlor in water and only ozone was found to remove Alachlor with 
removal efficiencies ranging from 75-97% when Alachlor was present in distilled, 
ground and surface water.  
Table 2.10 Removal of pesticides in surface water sources by coagulation (Miltner et al., 1989)    
Pesticide Coagulant (Dose, 
mg/L) 
Initial Concentration 
(µg/L) 
% Removal 
Atrazine Alum (20) 65.7 0 
Simazine Alum (20) 61.8 0 
Metribuzin Alum (30) 45.8 0 
Alachlor Alum (150) 43.6 4 
Metolachlor Alum (30) 34.3 11 
Linuron Alum (30) 51.8 0 
Carbofuran Alum (30) 93.2 0 
 
Among the advanced treatment processes, powdered activated carbon (PAC) 
filtration, Granulated activated carbon (GAC) filtration and high pressure 
membrane processes such as Reverse Osmosis (RO) are considered as efficient 
treatment processes to remove organic chemicals including pesticides. During the 
recent past many of the water treatment plants have been upgraded in Australia to 
meet the higher treatment water quality standards and the removal of these 
micropollutants.   
Table 2.11 Removal of pesticides by softening and clarification at full scale treatment plants 
(Miltner et al., 1989) 
Pesticide 
Initial Concentration (µg/L) 
% Removal or 
Transformation 
Atrazine 7.24 0 
Cyanazine 2.00 0 
Metribuzin 0.53 – 1.34 0 
Simazine 0.34 0 
Alachlor 3.62 0 
Metolachlor 4.64 0 
Carbofuran 0.13 – 0.79 100* 
*this study could not distinguish the removal and transformation to another metabolite/s. In the case of Carbofuran, author 
assumed that it was transformed to Carbofuran-Phenol and Hydroxy-Carbofuran. 
Another study carried out by Miltner et al. (1989) found that removal efficiencies of 
Atrazine and Alachlor using PAC during full scale water treatment were between 
28%-87% and 33%-94% respectively. On the other hand, they found that GAC 
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adsorption could remove Atrazine (47%), Cyanazine (67%), Metribuzin (57%), 
Simazine (62%), Alachlor (72%-98%) and Metolachlor (56%) to varying degrees.  
Table 2.12 Removal of pesticides in surface water by chlorination process in full scale plants 
(Miltner et al., 1989) 
Pesticide 
Initial Concentration (g/L) 
% Removal or 
Transformation 
Atrazine 1.59-15.5 0 
Cyanazine 0.66-4.38 0 
Metribuzin 0.10-4.88 24-98* 
Simazine 0.17-0.62 0-7 
Alachlor 0.94-7.52 0-9 
Metolachlor 0.98-14.1 0-3 
Linuron 0.47 4 
Carbofuran 0.13 24 
*this study could not distinguish the removal and transformation to another metabolite/s. In the case of Metribuzin, author 
assumed that it may be the result of sample oxidant quenching. 
According to the report on “The Incorporation of Water treatment effects on 
Pesticide Removal and transformations in food Quality Protection Act (FQPA) 
Drinking Water Assessments”, submitted to the office of pesticide programs in 
United States Environmental Protection Agency in October 2001, water treatment 
by reverse osmosis shows superior performance in removing pesticides (Table 
2.13). Thin-Film Composite membranes provide better efficiencies in removing 
pesticides. 
Table 2.13 Percentage removal efficiencies of RO membranes for different pesticide classes 
(Source: US EAP, 2001)   
Pesticide Class Cellulose Acetate (CA) Polyamide Thin Film 
Composite 
Triazine 23-59 65-85 80-100 
Acetanilide 70-80 57-100 98.5-100 
Organochlorine 99.9-100 - 100 
Organophosphorus 97.8-99.9 - 98.5-100 
Urea derivatives 0 57-100 99-100 
Carbamate 85.7 79.6-93 >92.9 
 
Further, 100% removal of certain organochlorines (Chlordane, heptachlor and 
Methoxychlor) and Alachlor could be achieved using ultra-filtration. However, 
ultra-filtration was not effective in removing Dibromochloropropane and Ethylene 
dibromide due to their smaller molocular sizes. Nanofiltration, gives better results 
and it removes Atrazine (80-98%), simazine (63-93%), Diuron (43-87%) and 
Bentazone (96-99%). Integrated membrane /absorbent systems, aeration and air 
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stripping systems are also used in present water treatment facilities to eliminate 
these pesticides and other micro-pollutants that cause health problems to humans.   
2.1.5 Possible Methods of Treatment of POPs including Herbicides and 
Pesticides from Catchment Discharges  
Herbicides and pesticides are generally removed by biological, adsorption, wetland 
and membrane processes.  Some of the researches illustrating the performance of 
those processes are briefly mentioned below.  
2.1.5.1 Biological Processes 
Mangat and Elefsiniotis (1999) used laboratory-scale Sequencing Batch Reactors 
(SBRs) in order to study the efficiency of biodegradation of the herbicide 2,4-
Dichlorophenoxyacitic Acid (2,4-D) and found that over 99% removal efficiency 
could be achieved with a hydraulic retention time (HRT) of 48 hours. It was 
revealed that the removal rate of 2,4-D was affected by the substrate (phenol or 
dextrose) and was significantly lower (30% - 50%) in the case of dextrose. The 
study also found that the main mechanism of 2,4-D disappearance was 
biodegradation as adsorption onto the biomass and volatilization were insignificant. 
Stasinakis et al. (2009) investigated activated sludge reactors and impacts of aerobic 
and anoxic conditions during the biodegradation of Diuron. It was found that almost 
60% of Diuron was biodegraded under aerobic conditions (major metabolite was 
3,4-dichloroaniline (DCA)) and over 95% of Diuron was biodegraded under anoxic 
conditions while the major metabolite was 1-3,4-dichlorophenylurea (DCPU). DCA 
and DCPU were biodegraded much faster than the parent compound under aerobic 
conditions and therefore, anoxic followed by aerobic biological treatment could 
provide efficient removal of Diuron and its metabolites from wastewater.  
Ghosh and Philip (2004) studied the degradation of Atrazine by anaerobic mixed 
culture microorganisms in co-metabolic process and in the absence of external 
carbon and nitrogen sources  and revealed that in the presence of 2000 mg/L 
dextrose, the degradation of Atrazine was between 8 and 15%.  Pure culture 
bacteria used Atrazine as sole source of carbon and/or nitrogen and the degradation 
depended on the type of bacterial culture present in the reactor and level of absence 
of various external carbon and nitrogen sources, carbon to nitrogen (C/N) ratio, pH 
and moisture content. It was found that the degradation of Atrazine by anaerobic 
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mixed culture microorganisms was better in co-metabolic process than in the 
absence of external carbon and nitrogen sources. There was no significant inhibition 
effect on mixed anaerobic microbial consortia even at a concentration of 15 mg/L of 
Atrazine. However, they observed that the rate of degradation of Atrazine declined 
at high organic contents in the reactor.  
Znad et al. (2006) researched the performance of an air-lift bioreactor using the 
biodegradation of an herbicide, S-ethyl dipropylthiocarbamate (EPTC) in batch 
experiments and found that the rate of biodegradation of EPTC was decreased at 
high substrate concentration with free suspended activated sludge. On the other 
hand, the biodegradation of EPTC was more effective when it had immobilized 
activated sludge in the bioreactor. The results of this research noted that the rate of 
biodegradation of herbicide could be doubled by immobilizing the acclimated 
activated sludge inside the riser using non-woven textile.   
During another research study, Gisi et al. (1997) used fixed-bed column reactors for 
measuring the rate of biodegradation of the pesticide 4,6-dinitro-ortho-cresol by 
introducing microbial cultures in batch and found that a rate of biodegradation of 30 
mmol/day could be achieved  for the above pesticide.  
2.1.5.2 Adsorption Processes 
Ratola et al. (2003) used pine bark as a natural adsorbent to remove persistent 
organic pollutants such as pesticides. The removal of Lindane and Heptachlor were 
found to be 80.6% and 93.6% respectively. On the other hand, Sannino et al. (2008) 
used sorption technique in order to investigate the removal efficiency of ionic 
herbicides (Paraquat and 2,4-D). They used Polymerin as the sorption media and 
achieved a rate of removal of about 44% for 2,4-D.  
Removal of herbicide/pesticide using activated carbon (either PAC or GAC) is 
considered as very effective. Fontecha-Cámara et al. (2008) studied the activated 
carbon adsorption kinetics of the herbicides, Diuron and Amitrole in aqueous 
solution. Despite its lower driving force for adsorption, Amitrole showed faster 
adsorption kinetics compared to Diuron because of its smaller molecular size 
compared to that of Diuron. 
During another study carried out by Namasivayam and Kavitha (2003), found that 
coir pith carbon is an effective absorbent for the removal of 2-cholorophenol, which 
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is a metabolite of substances such as pesticides, herbicides, pharmaceuticals, etc., 
from aqueous solution. 
Jones et al. (1998) carried out another study on GAC filters inoculated with 
bacterial culture and found that the rate of degradation of Atrazine was about 70%.  
PAC was found to be a very suitable adsorbent compared to bentonite and chitosan 
in the removal of Isoproturon pesticide (98-99%) from spiked distilled water 
(Sarkar et al., 2007a & b).   
2.1.5.3 Wetland Processes 
Sub-surface flow wetlands remove chemicals from the run-offs by microbial 
degradation, plant uptake, sorption, chemical reactions and volatilization. Stearman 
et al. (2003) studied the efficiency of constructed sub-surface flow wetlands for the 
removal of herbicides (Simazine and Metolachor) and found that vegetated cells 
with 5.1 day of HRT could remove around 82% of these herbicides. Another study 
carried out by Heather et al. (2003) found that there is a 21% removal of Atrazine 
from a constructed wetland consists of subsurface silt loamy agricultural soil. 
Accroding to them, sorption was the main mechanism for the removal of Atrazine. 
On the other hand Moore et al. (2000) found that average of 52% of measured 
Atrazine were transferred to or transformed in the wetland system. In addition to 
that, Kristen et al. (2002) carried out another study regarding Atrazine 
mineralization (measured by 
14
CO2 evolution from U-ring-
14
C) using two wetlands 
(one was a constructed wetland and the other was a natural fen – Cedar bog) and 
revealed that the constructed wetland achieved 70 to 80% mineralization of 
Atrazine while the natural fen – Cedar bog achieved less than 13%.  Marsh plant 
systems have also been found to remove herbicide (Atrazine) from wastewater 
effectively (Mckinlay and Kasperek, 1999). Matamoros et al. (2007), investigated a 
total of eight European priority pollutants listed in the Water Framework Directive 
including a variety of chemical classes such as organochlorine, organophosphorus, 
phenols, chloroacetanilides, triazine, phenoxycaboxylic acid and phenylurea 
pesticides. They evaluated the performance of wetlands in removing pesticides after 
21 days of operations and categorized the pesticides into four groups depending on 
their degradation: (a) highly efficiently removed (more than 90% removal) – 
lindane, pentachlorophenol, endosulfan and pentachlorobenzene; (b) efficiently 
removed (between 80 and 90% removal) – alachlor and chlorpyriphos; (c) poorly 
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removed (20% removal) – mecoprop and simazine and (d) resistant to elimination – 
clofibric acid and diuron.  
2.1.5.4 Pressure Driven Membrane Filtration Processes  
Since some of the above systems are very inefficient and difficult to operate in large 
scale, pressure driven membrane processes in treating pesticide contaminated water 
are considered as promising alternatives. When reviewing the past research work, it 
is clear that high-pressure membrane processes (reverse osmosis and nanofiltration) 
are very effective in removing pesticides from ground and surface waters 
(Majewska-Nowak et al., 2002). Boussahel et al. (2000 and 2002) studied the 
performance of two types of nano-filtration membranes (Deasal DK and NF200 
having molecular weight cut-off 150-300 Dalton and 300 respectively) for the 
removal of some selected pesticides (Simazine, Cyanazine, Atrazine, Isoproturon, 
Diuron and desethyl-atrazine - DEA) and found that all pesticides were rejected by 
Desal DK membrane (over 90%) except Diuron (less than 70%). It was also found 
that the presence of organic matter (humic acid) and inorganic matter (sulphates and 
chlorides) improve the elimination of pesticides except Duiron either by forming 
macromolecules with the pesticides or by reducing the pore size of the membrane. 
A similar study conducted by Plakas et al. (2006) in order to identify the role of 
organic matter and calcium concentration on herbicide retention from a nanofilter 
revealed that the presence of humic acid as well as calcium significantly improved 
the retention of herbicides by increasing the fouling of organic membrane. Nano-
filtration membranes made of polyamide and cellulose with same molecular weight 
cut-off gave 60 to 95% and 25% herbicide/pesticide rejection respectively 
(Causserand et al., 2005). Another research carried out by Van der Bruggen et al. 
(1998) found that two stage nano-filtration systems could give over 99% removal of 
pesticide from water. Ahmad et al. (2008) found that increasing the pH of 
wastewater enhanced the rejection of Atrazine and dimethoate but reduced the 
permeate flux. Plakas and Karabelas (2008) also studied the efficiency of herbicide 
retention by membranes (NF/ULPRO) from single and multi-solute feed-waters. 
Figure 2.4 shows the membrane molecular cut-off, pore sizes and examples of sizes 
of solutes and particles.  
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Figure 2.4 Membrane separation processes, pore sizes, molecular weight cut-off (MWCO) and 
examples of sizes of solutes and particles (Source - Peter-Varbanetsa et al., 2009)   
When using Reverse Osmosis (RO) for desalination, hardness removal, disinfection 
and removal of herbicide/pesticide and other micro-pollutants, adequate level of 
pre-treatment (equivalent to ozonation, biological activated carbon filtration 
(BACF), and slow sand filtration) should be carried out (Bonné et al. (2000)). RO 
process with ozonation and BACF showed over 99.5% removal of pesticide from 
water (Bonné et al., 2000).  Another study carried out by Majewska-Nowak et al. 
(2002) found that 80% of Atrazine was rejected from a low pressure driven ultra-
filtration membrane when the concentration of humic substances was equal to 
20g/m
3
 at a pH of 7.  
2.1.5.5 Hybrid Systems  
Hybrid wastewater treatment systems are defined as combination of two or more 
individual treatment processes (different biological, adsorption, wetland, or 
membrane processes). These hybrid systems perform better than a single treatment 
process. Recent research studies have found that these hybrid systems could 
improve the treatment of micropollutants. The following studies are examples of 
such hybrid systems: A study carried out by Tomaszewska et al. (2004) investigated 
the removal efficiency of humic acid and phenol by coagulation (A PAX XL-69 
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polyyaluminum chloride) and adsorption (PAC) and revealed that the integrated 
adsorption-coagulation system is effective in removing organic matter than 
coagulation alone. A different study carried out by Areerachakul et al. (2007) 
showed that a combined granular activated carbon (GAC) fixed bed and a 
continuous photo-catalysis system could remove 90% of the herbicide 
metasulfuron-methyl.  
However, Membrane Bioreactor (MBR) technology, which is a combination of 
biological and membrane filtration processes, is an ideal example for a popular 
hybrid wastewater treatment system. Recently, many researchers have studied MBR 
to improve its performance and to reduce its drawbacks in industrial applications. It 
is a known fact that MBR is a better treatment process than Activated Sludge 
Process (ASP) for the treatment of micropollutants and POPs.  
2.1.5.6 Hybrid Systems - Membrane Bioreactors (MBR)  
Although there were not many MBR research work have been carried out for highly 
persistent organic pollutants such as herbicides and pesticides, significant number 
of research work have been carried out related to the treatment and removal of 
moderately persistent trace organic compounds such as pharmaceutically active 
compounds, surfactants, industrial chemicals and micro-pollutants from wastewater. 
The results obtained by Petrović et al. (2003 and 2007) on MBR showed a 
significantly improved removal of pharmaceutically active lipid regulators and 
cholesterol lowering statin drugs (gemfibrozil, bezafibrate, clofibric acid and 
pravastatin), β-blockers (atenolol and metoprolol), antibiotics (ofloxacin and 
erythromycin), anti-ulcer agent (ranitidine) and some analgesics and anti-
inflammatory drugs (propyphenazone, mefenamic acid and diclofenac).  Petrović et 
al. (2003 and 2007) also have also found that surfactants such as alkylehpenol 
ethoxylates (APEOs) are removed at higher efficiency.  
González et al. (2006) performed a comparative study on the removal of acidic 
pesticides (MCPP, MCPA, 2,4-D, 2,4-DP and Bentazone) and the acidic 
pharmaceutical diclofenec by a MBR and a fixed bed bioreactor (FBBR) and found 
that the MBR is more efficient (44 to 85%) in treating all these pesticides and 
diclofenec except bentanone. They also confirmed that the microorganisms that 
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were present in the MBR were capable of degrading ubiquitous pollutants present in 
wastewater treatment plants (WWTPs) such as MCPP, MCPA, 2,4-D and 2,4-D.  
Kim et al. (2007) studied the performance of a MBR using 14 pharmaceutical 
substances, 6 hormones, 2 antibiotics, 3 personal care compounds and 1 flame 
retardant and found that a MBR process could provide effective removal of 
hormone and some pharmaceutical compounds such as acetaminophen, ibuprofen 
and caffeine. However, they noted that combining MBR with NF and RO could 
provide excellent removal (more than 95%) of all toxic trace organic compounds 
mentioned above.  
Yuzir and Sallis (2007) measured the performance of an anaerobic membrane 
bioreactor (AMBR) for the treatment of synthetic ((RS)-2-(2-methyl-4-
chlorophenoxy)-propionic acid (contains MCPA, 2,4-D and MCPB), which is a 
herbicide that is widely used for agriculture and horticulture including domestic 
gardening.   AMBR was operated under methanogenic conditions and only 15% 
removal efficiency was achieved at a HRT of 3.3 days. There was no significant 
impact on COD reduction and methane yield of the reactor due to the addition of 
above herbicide. Yiping et al. (2008) used another AMBR in order to remove 
organic micro-pollutants that were present in the landfill leachate effluent. In this 
study, 17 organo-chlorine pesticides (OCPs), 16 polycyclic aromatic hydrocarbons 
(PAHs) and technical 4-nonylphenol (4-NP) were investigated and found that 4-NP 
compound were removed from the MBR and OCPs and PAHs were mainly 
removed from the anaerobic process. Finally, an overall removal of 94% of OCPs, 
77% of 4-NPs and 59% of PAHs were achieved.  
Grimberg et al. (2000) used a hollow fibre membrane bio-film-reactor (bioreactor) 
in order to study the removal efficiency of 2,4,6-trinitrophenol (TNP). TNP is a 
common nitro-aromatic compound, which is generally used for the production of 
pesticides, herbicides, pharmaceuticals and explosives. They noted that TNP is 
biodegradable by four strains of a close relative of Nocardioides Simplex and 
MBRs with these organisms removed 85% of TNP. It was also found that the 
microorganisms used TNP as their sole carbon and energy source. Table 2.14 
summarises the findings on the removal of POPs using the MBR technology.   
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Table 2.14 Summary of past research results on removal of Persistent Organic Pollutants 
using Membrane Bioreactor Technology 
No Trace Organic/ POP or Micro-
pollutant 
MBR Performance/ 
Observation or Findings 
Reference 
1  Pharmaceutically active lipid 
regulators cholesterol lowering statin 
drugs-gemfibrozil, bezafibrate, β-
blockers -atenolol and metoprolol, 
antibiotics-ofloxacin & erythromycin, 
anti-ulcer agent (ranitidine) and some 
analgesics and anti-inflammatory 
drugs (propyphenazone, mefenamic 
acid and diclofenac)  
Removal percentages; 
gemfibrozil (89.6%), bezafibrate 
(95.8%), atenolol (65.5%), 
metoprolol (58.7%), ofloxacin 
(94%), erythromycin (67.3%), 
ranitidine (95%), 
propyphenazone (64.6%), 
mefenamic acid (74.8%) and 
diclofenac (87.4%)  
Radjenović et al. 
(2006)  
and  
Petrović et al. 
(2007 & 2003)  
2  Acidic Pesticides (MCPP, MCPA, 
2.4-D, 2,4-DP and Bentazone – 
compared the MBR treatment 
efficiency with a fixed bed bioreactor  
MBR is more efficient in the 
treatment of acidic pesticides 
(44% - 85%). Microorganisms 
could degrade these pollutants  
González et al. 
(2006)  
3  Dissolved organic carbon and 
Trihalomethane precursors using 
Powdered Activated Carbon (PAC)  
Removal efficiency varied 
between 20% - 60% depending 
on the carbon dose  
Williams and 
Pirbazari. (2007)  
4  Acidic pharmaceuticals using sludge 
as inoculum under aerobic conditions   
Removal Percentages are 
Diclofenac (25%), Ketoprofen 
(60%), Bezafibrate (90%), 
Naproxen (75%) and Ibuprofen 
(98%)  
Quintana et al. 
(2005)  
5  Two different radio-labelled 17α-
ethinylesstradiols (EE2), which is a 
EDC and a synthetic estrogen used as 
an active agent of contraceptive pills.  
Satisfactory removal rate of 80% 
(about 5% withdraw from the 
sludge removal and about 16% 
found in the MBR effluent).  
Cirja et al. (2007)  
6  An EDC (Bisphenol A) and a 
Phamaceutical compound 
(Sulfamethoxazole)  
90% removal of Bisphenol A 
and 50% removal of 
Sulfamethoxazole  
Nghiem et al. 
(2009)  
7  Pentachlorophenol (PCP), which is 
used for formulation of pesticides, 
herbicides etc.,  
PCP removal rate of 99% at a 
loading rate of 12-40mg/m3/d. 
Found that bio-sorption plays an 
important role in addition to 
biodegradation  
Visvanathan et al. 
(2005)  
8  1,2-dichloroethane and 2,4-D-acetic 
acid (component of commercial 
herbicide) using a suitable microbial 
culture  
99% removal of 1,2-
dichloroethane and successful 
removal of 2,4-D-acetic acid   
Livingston (1994)  
and Buenrostro-
Zagal et al. (2000)  
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9  17 organochlorine pesticides (OCPs), 
16 polycyclic aromatic hydrocarbons 
(PAHs) and technical 4-nonylphenol 
(4-NP) under anaerobic conditions 
(AMBR)  
overall removal 94% of OCPs, 
77% of 4-NPs and 59% of PAHs  
Yiping et al. 
(2008)  
10  Atrazine using bio-augmented 
genetically engineered microorganisms 
(GEM)  
Over 90% removal efficiency 
and MBR start up time reduced 
to 2-12 days (under different 
operating conditions)  
Liu et al. (2008)  
2.1.5.7 Other Processes 
Treatment processes such as photocatalytic degradative oxidation, dielectric barrier 
discharge – DBD, solar photo-Fenton technologies and phyto-remediation 
techniques could also be used to remove POPs and other micropollutants from 
wastewater. However, those processes are in their early research stages and 
therefore this chapter does not cover the details of such treatment processes. 
  
Table 2.14 continued… 
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2.2 Suitability of MBR systems over other systems for the 
removal of Pesticides and Herbicides from wastewater and 
agricultural discharges 
By learning and understanding the performance and the maturity of each treatment 
technology discussed so far, MBR has more advantages over the other systems for 
the use of treatment of herbicides from wastewater and agricultural discharges. 
Some of these positive facts are discussed below: 
Rapid trend of installations of MBRs: The present increased global trend in the 
number of installations of MBRs is largely due to the declining membrane costs, 
more stringent effluent discharge standards (for nutrients, pesticides and other toxic 
chemicals), the trend in water reuse and land scarcity in urbanized areas. This 
increase of the market trend in MBR systems for industrial and municipal effluent 
treatment has demonstrated the maturity of this technology.  According to paper 
presented in final MBR Network workshop in 2009 by Huisjes et al. (2009), it is 
clear that the MBR technology is growing fast in Europe (Figure 2.5) due its great 
deal of advantages over other processes.  
 
Figure 2.5 Global European MBR market (Source: Huisjes et al., 2009) 
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Expansion of global MBR market opens the opportunity for customised MBR 
designs and configurations, optimising costs (OPEX and CAPEX) due to 
competitive market environment and improving overall performance of the system. 
On the other hand, MBR has now become easy to operate and has less operational 
problems such as bulking which is very common in activated sludge systems. 
Ferraris et al. (2009) found that the MBR systems are easy to stabilize and they 
perform reasonably well during its start-up process.    
Superior performance of MBR for removal of micropollutants and toxic 
substances such as herbicides: In general, conventional activated sludge processes 
lack the ability to effectively remove most of the toxic and persistent chemicals 
such as herbicides and pesticides consisting in wastewater and agricultural 
discharges (Cicek, 2003). However, by reviewing the past research works on MBRs 
for the treatment of such moderately persistent and toxic substances described in the 
previous section (Section 2.1.5.6 and Table 2.14), it is likely that the MBRs could 
be improved to eliminate more persistent and hazardous compounds from 
agricultural discharges and other wastewaters. Figure 2.6 illustrates a comparison of 
the performance of ASP and MBR for the removal of pharmaceutical substances 
from wastewater. 
 
Figure 2.6 Elimination efficiencies of pharmaceutical active compounds by MBR (     )   and 
conventional activated sludge process (       ) - Source: Radjenović et al. (2008) 
According to the results shown in this figure, MBR demonstrates better 
performance in the treatment of pharmaceutical substances than ASP. Although 
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MBR alone will not remove herbicides totally, it could be coupled with another 
effective/advanced treatment technology such as GAC (Granular Activated Carbon) 
filtration to improve the system to eliminate herbicides from wastewater and 
agricultural discharges totally.  Therefore, it is worth to research the MBR for the 
treatment of herbicides from wastewater in this study.     
Production of high quality permeate from MBRs: According to Chapman et al. 
(2001), two thirds of all water used in Australia accounts for agricultural industry. 
Therefore, adoption of MBR technology, which is produced superior quality of 
treated water (reusable), would recover the investment and operational costs and 
protect the most valuable ecosystems and all forms of life.  
MBR performs better in warmer climates: MBRs performs well when the 
atmospheric temperature ranging 15-25 
o
C. In addition, warmer environment helps 
the membrane filtration and hence increases the membrane flux. MBRs are 
generally operated at higher biomass concentrations and warmer weather conditions 
contribute to maintain an increased growth of biomass. On the other hand, mixed 
liquor will become less viscous at higher temperatures. Therefore, all these factors 
contribute for the reduction of the investment cost of MBRs in warmer climates, 
which is quite usual in most parts of Australia. 
The overall pollution due to the discharge of herbicides from the farmlands located 
in the GBR catchment is considered as a diffused pollution. However, when the 
farmlands are isolated, discharge of herbicides via runoff from each farmland could 
be defined as point source pollutions. As mentioned above, most of these large 
sugarcane farmlands consist of recycle-ponds, which are located at the lowest 
elevation of the premises. During heavy rains (early first-flush events), surface 
water consisting herbicides and pesticides collects to these ponds and overflows to 
the creeks, streams, wetlands, rivers and then flows to the GBR lagoon. It is found 
that pesticide loads (herbicides, insecticides and fungicides) delivered to the GBR 
are larger than 30,000 kg/yr (Kroon et al., 2012) as not all land uses known to leak 
herbicides/pesticides into GBR catchment waterways could be modelled (Devlin 
and Lewis, 2011), which was based on the six key Photosystem II inhibiting 
herbicides - Diuron, Atrazine, Hexazinone, Ametryn, Simazine and Tebuthiuron. As 
an effective option to reduce the discharge of this pesticide loads to the GBR, 
MBRs would be installed by considering these recycling ponds as the collection 
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reservoirs.  In addition, findings of this study could be used to design new improved 
MBR systems and to upgrade the existing CAS wastewater treatment plants 
adopting MBR technology to remove herbicides and other micro-pollutants from 
industrial and domestic wastewater.      
2.3 Selection of Ametryn for this study  
Ametryn was readily available at the laboratory for using in this study. Ametryn 
dissolves easily in water compared to Diuron and Atrazine. This helps to prepare 
higher volumes of feed stock solution to operate the treatment system continuously. 
Ametryn is one of the key herbicides that is used in farmlands located in GBR 
catchments and it destroys the ecosystem and the marine life of GBR. Ametryn and 
its metabolites could be found in drinking water sources from run off to streams or 
leaching to ground water and they are persistent in the food chain/environment and 
toxic, which may cause chronic illnesses to humans and other life forms.    
Ametryn (2-ethylamino-4-isopropylamino-6-methyl-thio-s-triazine) is a second 
generation herbicide that is widely used to control pre and post emergence of 
broadleaf and grass weeds in farmlands planted mainly with maize, pineapple, 
popcorn and sugarcane (Gao et al., 2009). This sulphur-containing triazine 
herbicide is commonly used in sugarcane farmlands located in Great Barrier Reef 
(GBR) catchment in Queensland, Australia. The environmental protection agency 
(EPA) classifies Ametryn as a Class III herbicide (moderately toxic to fish, large 
mammals and humans), but highly toxic to crustaceans and molluscs (Hurley et al., 
1998). As described in Table 2.5, Ametryn is generally produced in white powder 
form and it has a half life of 53.2 days in aerobic soils with an adsorption 
coefficient (Koc) of 3.45 (Farré et al., 2002).  Ametryn residues in soil leach 
vertically and laterally with leaching potential of 6.9 (Jacomini et al., 2009) during 
high rainfall (diffused pollution), discharge from collection/recycle ponds and 
conventional wastewater treatment plants (point source pollution) to waterways. 
Ametryn shows a relatively higher solubility in water (185 mg/L) and it dissolves 
readily in solvents such as acetone and methanol. Table 2.5 shows the chemical 
structure of Ametryn (C9H17N5S) having a molecular weight of 227.33 g/mol.   
Although there are a significant number of publications produced on herbicides 
including Ametryn, the number of studies carried out on Ametryn alone is few. Out 
60 
 
of them, Farré et al, 2002 studied the toxicity of Ametryn after biodegradation and 
compared it with methomyl.  They found that Ametryn and its four metabolites 
found during their study were more persistent and toxic to V. fischeri than 
methomyl. During their biodegradation batch studies using activated sludge, they 
achieved 94% removal of Ametryn in 18 days. In another study, Jacomini et al. 
(2009) investigated Ametryn in river water, river sediment and bivalve mussels in 
northeast region of São Paulo state, Brazil. Gao et al. (2009) studied Ametryn 
degradation in the UV irradiation and hydrogen peroxide treatment used a reactor 
with a 30W/253.7 nm UV lamp and achieved an 86% of removal of Ametryn by UV 
alone (without the addition of H2O2) within 45 minutes and Xu et al. (2009) studied 
Ametryn degradation by aqueous chlorine and found that Ametryn reacts very 
rapidly with aqueous chlorine.  
Although several studies have been conducted to evaluate the degradation of 
aquatic Ametryn by physiochemical processes in the past, the membrane bioreactor 
(MBR) process, which consists of biological treatment and membrane filtration, has 
not been used to investigate the removal of Ametryn in wastewater so far. 
Therefore, findings of this study will be novel and useful for applying this hybrid 
treatment system together with MBR technology for the removal of Ametryn and 
Ametryn-like substances contaminant water discharges.   
The section 2.4 below describes the configurations, performances, drawbacks and 
theory of the MBR technology in detail.    
2.4 Membrane Bioreactor Technology  
2.4.1 Background 
According to Radjenović, et al. (2008), the initial idea of coupling the activated 
sludge process and membrane separation was proposed by the Rensselaer 
Polytechnic Institute, USA and Dorr-Oliver Inc. USA in 1970s. However, the MBR 
technology was successfully introduced to the world about 20 years back by 
Japanese. The first MBR plant was installed in Japan in 1991 with Kubota flat sheet 
submerged MBR (Shino, H., Kubota Corporation, Japan). Since then thousands of 
MBR plants have been installed all over the world for different type of effluent 
treatment such as domestic, aquaculture, food, etc., by different companies. A 
detailed market survey carried out on trends and perspectives of MBR technology in 
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European countries by Lesjean and Huisjes (2008) found that there is a strong 
market revenue growth since 2002. MBRs are strongly recommended for the 
locations where the water shortages are a regular, cost of water is high, limited land 
for installation, the receiving waters or lands are ecologically sensitive, operators 
are seldom, influent consisting pesticides, nutrients, dyes, and other chemical toxic 
wastes. During the past decade, MBR was researched mainly focusing on modelling 
and controlling of fouling of membrane, improving overall performance at different 
operating conditions and treating effluents with nutrients (Phosphorous and 
Nitrogen compounds), persistent and toxic micro-pollutants. However, unified and 
well-structured theories on MBR performance and drawbacks are not currently 
available because of the complexity of the MBR biomass matrix, which is highly 
heterogeneous and includes living organisms. Therefore, the MBR process is 
required to be researched further to establish firm theories and optimise the process 
for different situations.    
Membrane Bioreactor (MBR), which consists of a bioreactor and a membrane 
filtration unit for separation of biomass, is one of the latest wastewater treatment 
processes available. In MBRs, bioreactor and membrane filtration cannot be 
considered as individual unit operations as they interact in many ways and 
therefore, MBRs are considered as “Hybrid Reactors” (Drews and Kraume, 2005). 
Most of the MBRs are operated aerobically (98%) and others are operated 
anaerobically (Mulligan and Gibbs, 2003). 
Initially, MBR was introduced as a replacement to the conventional activated sludge 
process (ASP), which is the most common wastewater treatment process to treat 
domestic and industrial effluents. However, after the MBR process has been 
researched extensively in recent past, MBR is now recognized as a more advanced 
treatment technology than the traditional ASP. At present, MBR is researched to 
remove nutrients, persistent organic pollutants and other industrial chemicals that 
are not easily being removed by ASPs. In the MBR process, all biomass 
constituents that are larger than the membrane pore size is retained in the bioreactor. 
Therefore, unlike the ASP, the separation of biomass from permeate (treated 
effluent) is independent of biomass sedimentation characteristics. Effluent quality 
of MBRs is not affected due to fouling of membrane, but the permeate flux through 
the membrane could be decreased (Trussell et al., 2006). Further, MBRs are tolerant 
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to sludge bulking due to high growth of filamentous bacteria and scum development 
and forming as the biomass separation is carried out by the membranes (Drews et 
al., 2005).  
MBRs are very compact arrangement producing micro/ultra filtration quality 
effluent suitable for reuse purposes or as a high quality feed water source for 
Reverse Osmosis (RO) treatment (Chapman et al., 2001). There is a high cost 
advantage of MBR process when the plant needs to be located where the land prices 
are expensive. At present, land prices in most parts of the world, cost of 
conventional technologies and labour prices have shown an increasing trend and in 
contrast membrane equipment costs have been decreasing steadily due to high 
competition, etc. Therefore, the capital/investment cost of MBR systems will be 
further reduced in future compared to conventional ASP. 
Due to the stringent treated water quality standards imposed by the authorities and 
the trend of reusing treated wastewater, now there is a demand for upgrading the 
existing wastewater treatment plants (ASP) by replacing MBR technology. Brepols 
et al. (2008) studied and proposed several upgrading concepts and examples of 
already upgraded wastewater treatment plants using MBR.     
There are many reasons for higher popularity of the MBR systems over 
conventional activated sludge processes in a very short period. They are: (a) 
Generating superior effluent quality and therefore, treated effluent can be re-used 
(b) Low capital/investment costs due to smaller foot prints, (c) Higher biomass 
concentration and therefore low food to micro-organism (F/M) ratio (d) Higher 
sludge retention time (SRT) and therefore, less cost for sludge disposal (e) Effective 
removal of nutrients and some pollutants that cannot be removed easily from 
conventional ASP. MBRs are also improved as a reliable nutrient removal 
technology from wastewater. However, frequent fouling of membrane is considered 
as the main drawback of MBRs. 
2.4.2 Types of MBR Configurations  
As shown in the Figure 2.7, types of MBR are mainly divided into two and they are: 
submerged MBR, which the membrane module is installed inside (immersed in) the 
aeration reactor and side stream MBR, which the membrane module is installed 
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externally to the aeration reactor. In both types, permeate is pumped out using a 
suction pump or by the hydraulic head.  
According to Mulligan and Gibbs (2003), in addition to the above two types, 
Membrane Aeration Bioreactors are developed to enhance the oxygen transfer and 
Extractive Membrane Bioreactors are used for the treatment of toxic wastewater 
(only developed up to a pilot-scale). Microfiltration (MF) and Ultrafiltration (UF) 
membranes are commonly used (occasionally Nanofiltration –NF membranes) for 
MBRs depending on the applications (effluent type and discharge standards).  
 
 
 
 
 
  
   
 
(a)                                                                         (b) 
Figure 2.7 Configurations of MBR Systems: (a) Submerged MBR; (b) Side-Stream MBR   
In immersed or submerged MBR process, membrane is submerged in the mixed 
liquor of the bioreactor, reducing the entire treatment process to a single step 
operation and replacing the clarifier (secondary sedimentation) of the conventional 
ASP. Usually, the header of the membrane is connected to a suction permeate pump 
and the membrane is subjected to a lower negative pressure ranging 20 – 50 kPa. 
Using this arrangement, treated water (permeate) is pumped from the mixed liquor 
through the submerged membrane, while supplying aeration to the biological 
treatment. The supplement air into the bioreactor performs biological process 
aeration, mixing the biomass and membrane cleaning. Biochemical treatment and 
membrane filtration are the two treatment processes in a MBR, but they cannot be 
considered as individual unit operations since they interact with each other (Drews 
et al., 2005). In submerged MBR process, vertical flat plate and vertical/horizontal 
hollow fibre membranes are commonly used and tubular configuration membranes 
are mainly used in side-stream MBR processes (Le-Clech et al., 2006).  
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Unlike submerged MBR process, side-stream MBR process requires higher vacuum 
pressure (50 – 100 kPa). In order to control fouling of membrane, shear is provided 
by pumping mixed liquor across the membrane and this intensive shear force 
(higher energy) is essential to maintain the required permeate flux. In side-stream 
MBRs, fouling is more pronounced due to its higher permeate flux (Radjenović et 
al., 2008).  
In submerged MBRs, aeration is considered as a very important parameter on the 
process performances both hydraulic and biological. Adequate aeration should be 
provided for maintaining solid suspension in the bioreactor, scouring the membrane 
surface and supplying oxygen for the microorganisms for their metabolism and 
functions. In cross flow MBRs, air induced by the hydraulic velocity is used to 
remove the fouling layers from the membrane surface. 
2.4.3 MBR Performance 
2.4.3.1 Removal of organic matter and suspended solids 
It is now commonly accepted that MBR is produced very high quality treated 
effluent compared to conventional ASPs. There have been many research studies 
carried out to compare the treatment efficiencies of MBR and conventional ASP 
and found that MBR is a much superior treatment process (Radjenović et al., 2008). 
Guo et al. (2008) used a submerged membrane adsorption bioreactor and obtained a 
96% removal of DOC and over a 95% of COD reduction. During MBR studies 
carried out by Lim et al. (2007), Drews et al. (2005), Bouhabila, et al. (1998), 
Massé et al. (2006) and Chang et al. (1999) also achieved over 90% removal of 
COD. Further, Sun et al. (2007a) showed over 99% COD removal and over 90% of 
BOD removal during their MBR studies. In addition to above, Melin, et al. (2005) 
received excellent MBR results from their study (>99%-TSS, 98.8%-100%-
turbidity, 89%-98%-COD, >97%-BOD, 80%-90%-NH3-N, 36%-80%-Ntot, 62%-
97%-Ptot, 5-8 log-total coliform, etc.). Apart from this higher removal of COD and 
other organic substances, Di Bella et al. (2008) found that the cake layer formed on 
the membrane (MBR) also removed an additional portion of COD. In general, 
suspended solids are totally removed from MBRs as permeate is pumped through a 
membrane and turbidity of the treated water is maintained at very small values (< 
0.2 NTU). 
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2.4.3.2 Nitrification, Denitrification and Phosphorous removal 
In addition to the organic and suspended solids removal from wastewater, nutrient 
removal has become an important issue in recent past. Nitrogen and Phosphorus 
(nutrient) in surface and ground water usually leads to an excessive eutrophication 
and growing excessive weedy species including algae. Consumption of 
natrate/nitrite contaminated water causes several deceases such as “blue baby 
decease” (methemoglobinated) in infants and therefore, prevention of discharging 
such nutrients is considered as an urgent requirement (Radjenović et al., 2008). 
MBRs are usually operated under long STRs and therefore, the possibility of 
sustainable growth of nitrifying bacteria is high. In addition, MBRs prevent 
nitrifying bacteria being washed out from the bioreactor and improve the 
nitrification capability of activated sludge. Further, nitrifiers are better competitors 
for the ammonia nitrogen (NH3-N) and many researchers confirmed that MBRs 
could be operated as a high nitrifying technology to remove high concentrations of 
NH3-N in wastewater. Based on a comprehensive review by Radjenović et al. 
(2008), they found that more than 80% of total kjeldahl nitrogen (TKN) could be 
nitrified to NO3- in a MBR. They also stated that the denitrification process 
required anoxic conditions and an anoxic reactor is usually incorporated as a pre-
treatment to the aerobic MBR process. Further, they confirmed that in the 
intermittently aerated MBRs, ammonium is nitrified mostly to nitrate and most 
phosphates are removed during the aerobic period (aeration), where the 
accumulated nitrate is completely denitrified during the anoxic period (non-
aeration), and phosphorus (P) is taken up by phosphate accumulating 
microorganisms (PAOs) during aerobic conditions. In this case, the net P removal is 
achieved by wasting sludge, which contains high levels of polyphosphorus, after the 
aerobic period.Therefore, intermittently aerated MBRs can achieve nitrogen and 
phosphorus removal by a simultaneous nitrification and denitrification, In these 
MBRs, P-uptake and P-release occur in the same reactor in accordance with time 
cycle of aeration and non-aeration (Radjenović et al., 2008). In general, Phosphorus 
is removed from wastewater by chemical precipitation and/or adsorption. However, 
by introducing an anaerobic phase before the aerobic MBR tank and recycling 
sludge through the anaerobic and aerobic phases could be used as a technique to 
remove phosphorus from wastewater. Chu et al. (2006) and Drews et al. (2005) also 
stated that MBRs could be used efficiently for removal of nutrients (nitrogen and 
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phosphorus). During a MBR study with intermittent aeration, Lim et al. (2007) 
obtained over 82% of total nitrogen removal when the aeration is in “off” position 
for over 70 minutes. Sun et al. (2007a) also found that the total nitrogen removal 
from their MBR was 98% and total phosphorus was reduced from 1.35mg/L to 
0.1mg/L.  
2.4.3.3 Importance of Food to microorganism ratio on MBR performance  
Food to Microorganism (F/M) ratio is one of the most important factors of a 
biological reactor that depends on its performance. For MBRs, 
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Where Q (m
3
/d) – flow rate of the influent, S (mg/L) – biochemical oxygen 
demand, V (m
3
) – hydraulic capacity of the reactor and X (mg/L) – concentration of 
MLSS. Generally, a lower level of F/M ratio will give a higher BOD reduction 
efficiency. In order to keep F/M ratio lower for a given Q and S, the reactor volume 
(V) should be increased (increase the reactor size), and this will not be an 
economical option. However, if the concentration of MLSS (X) could be increased 
then it is possible to lower the F/M ratio and enhance the efficiency of the reactor 
(Jegatheesan et al., 2009). This is the principle behind the MBR theory and the 
concentration of MLSS increases in the MBR tank due to the pumping out permeate 
through a membrane. The biomass composition of an MBR is significantly different 
from the biomass found in conventional ASP. In MBRs, micro-organisms would 
retain even when they have poor settling properties. This will allow an MBRs to 
operate at higher MLSS concentration providing a higher efficiency than a 
conventional ASP. 
2.4.3.4 Importance of Sludge retention time (SRT) on MBR performance  
Sludge retention time (SRT) is also an important factor governing the performance 
of a biological reactor (Jegatheesan et al., 2009). SRT is defined for conventional 
ASP as, 
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Where q (m
3
/d) is the amount of MLSS (sludge) waste per day and Xe (mg/L) is the 
MLSS concentration of sludge (waste). In general, X and Xe of a conventional ASP 
is around 3000mg/L and 10,000mg/L respectively. However, in an MBR, X and Xe 
are equal and it is around 10,000 – 15,000 mg/L. Therefore, SRT of an MBR can be 
defined as;  
q
V
SRT           (2-3)  
Therefore, SRT in MBRs is about 3 – 4 times more than the conventional ASP. This 
long SRT of a MBR allows retaining slow growing micro-organisms such as 
nitrifiers, micro-organisms grow on synthetic chemicals, etc in the bioreactor. Due 
to this, MBRs are also very efficient in treating industrial wastewater consisting 
synthetic chemicals. Clara et al. (2005) found that SRT is an important parameter 
for designing a wastewater treatment plant for removal of micropollutants.    
Longer SRT and higher MLSS concentrations in MBRs lead to develop stress in 
micro-organisms and hence they require more energy for their cell maintenance. 
This helps the microorganisms to consume less energy and produce new cells. Due 
to this reason, the majority of cells found in an MBR are in a non-growing state 
because of the use of more energy for cell maintenance and not for cell division. 
This will reduce the generation of sludge in a MBR (low biomass yield). However, 
MBRs with longer SRTs and high MLSS concentrations need higher rates of 
aeration to supply adequate oxygen/air for the micro-organisms and membrane 
scouring. This will lead to high energy cost.  
On the other hand, Ng and Hermanowicz (2005) found that MBR is capable of 
achieving excellent quality effluent even with extremely short SRT (0.25 days) due 
to the generation of dispersed biomass and small flocs in the bioreactor resulting 
less mass transfer resistance and better reactor performance. However, sludge 
settling properties were deteriorated by increasing the portion of non-flocculating 
micro-organisms.  
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2.4.4 Fouling of Membranes: Fouling Mechanisms, Factors and 
Resistance Kinetics 
Membrane fouling has been considered as the main obstacle to the widespread 
application of MBR (Chang et al, 2002), which causes decreasing permeate flux or 
increasing Trans-Membrane Pressure (TMP). Currently, there are many research 
work focused on overcoming and controlling membrane fouling (Yang et al., 2006), 
which is considered as the main drawback in MBR systems (Drews et al., 2005). 
Membrane fouling occurs as a result of the increase of permeate flow resistance due 
to pore blocking (Di Bella et al., 2006), concentration polarization and cake 
formation (Lim and Bai, 2003). Fouling rate for raw wastewater filtration is 
generally higher than that of for activated sludge (Drews et al., 2005). Fouling is a 
mechanism of forming a semi impermeable layer on the membrane surface and 
blocking the pores of the membrane module. This fouling layer, which consists of a 
gelatinous material, prevents the smooth permeate flux through the membrane and 
declines the filtration rate. Fouling of membrane (developing membrane resistance) 
occur due to physical (nominal particle size of microbial flocs), chemical 
(hydrophobicity) and biological (EPS and viscosity) factors in biomass (Chae, et al., 
2004). 
2.4.4.1 Fouling Mechanisms 
According to Meng et al. (2009), fouling of membrane occurs due to the following 
mechanisms in a MBR: (a) adsorption of solutes and colloids within/on membranes; 
(b) deposition of sludge flocs onto the membrane surface; (c) formation of cake 
layer on the membrane surface; (d) detachment of foulants attributed mainly to 
shear forces; (e) the spatial and temporal changes of the foulant composition such as 
the change of bacteria/microorganism community and biopolymer components in 
the cake layer during the long term operation. Therefore in short, fouling of 
membrane is the result of the deposition and accumulation of microorganisms, 
colloids, solutes, and cell debris within/on membranes. The substances deposited 
within/on membranes could be categorized as inorganic and organic or 
microbiological foulants.  
Inorganic fouling mainly occurs in inorganic membranes such as ceramic 
ultrafiltration membranes (Meng et al., 2009). This occurs due to the formation and 
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deposition of dissolve solids such as calcium and barium on the membrane (scale-
formation). These solids are soluble in wastewater and therefore the formation of 
such inorganic fouling layers on membrane could be controlled by appropriate 
chemical pre-treatment.  
Organic fouling occurs due to the deposition (has a natural affinity) of non-
biological foulants such as oil, plant materials, cationic surfactants and 
hydrocarbons (mainly biopolymers – proteins and polysaccharides) on the 
membrane surface. These substances could be removed using detergents such as 
caustic soda. Metzger et al. (2007) performed an experiment to fractionate and 
identify the composition of foulants in each layer of the fouling layer of a MBR. 
They separated the layer into three sub-layers (upper, intermediate and lower) by 
rinsing, backwashing and chemically cleaning the membrane respectively. They 
found that upper layer consists of a porous, loosely bound cake layer with similar 
composition to the sludge flocs. Soluble microbial products (SMP), bacteria 
aggregates and high concentration of polysaccharides were found in the 
intermediate layer. High levels of SMP and bound proteins were observed in the 
lower layer. Fourier transform infrared (FTIR) spectroscopy, solid state 
13
C-nuclear 
magnetic resonance (NMR) spectroscopy and high performance size exclusion 
chromatography (HP-SEC) are some powerful analytical tools for investigation of 
these organic substances (Meng et al., 2009). Yang et al. (2006) found that 
suspended carriers mainly govern the membrane fouling process and contribute to 
decreasing the fouling resistance. Lim and Bai (2003) showed that the main type of 
membrane fouling in microfiltration of activated sludge attributed to initial pore 
blocking, followed by cake formation.  Most of the previous research work 
confirmed that SMP (free EPS) and/or bound EPS are the substances that are 
responsible for the origin of organic fouling and they play significant roles in the 
mechanism of fouling of membrane.  
Many researchers have identified that EPS, which comprises of many organic 
compounds such as polysaccharides, amino polysaccharides and protein, which are 
secreted by bacteria, play an important role in bacterial attachment and formation of 
biofilm on the membrane. Lim and Bai (2003) stated that the EPS acts as a diffusion 
barrier, retarding convective flow and transport of anti-microbial agent during 
membrane cleaning. They noted that pore blocking and cake formation can be the 
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dominant fouling mechanisms in microfiltration. Another study carried out by 
Teychene et al. (2008) identified that the nature of the organic species (soluble and 
colloidal) governing fouling of membrane in a MBR. They found that the soluble 
compounds were deposited mostly than colloidal fraction in the fouling layer on the 
surface of the membrane. On the other hand, Grelier et al. (2006) found that a 
higher polysaccharides concentration reduces the membrane filterability. A similar 
study carried out by Rosenberger et al. (2006) using two pilot MBR plants found 
that non-settable fraction of the sludge (colloidal and soluble, i.e. polysaccharides, 
proteins and other organic colloids) accelerates the rate fouling of membrane.    
According to Laspidou and Rittmann (2002), biofouling is mainly attributed due to 
accumulated extracellular materials such as bound EPS, SMP and natural organic 
materials (NOM), rather than individual bacterial cells or microbial flocs. This 
occurs due to deposition, growth and metabolism of bacteria cells or 
microorganisms (flocs) and their products on the membrane. Lim and Bai (2003) 
stated that biofouling could start with the deposition of individual bacteria cells on 
the membrane surface; they multiply and form a biofilm. Meng et al. (2009) stated 
that biofouling is a major problem in microfiltration and ultrafiltration for 
wastewater treatment because the sizes of the most foulants (microbial flocs) in 
MBRs are much larger than the membrane pore size. Many researchers concluded 
that SMP and bound EPS secreted by bacteria also play important roles in the 
formation of biological foulants and cake layer on membrane surfaces (Li et al., 
2008; Jang et al., 2006 a & b; Le-Clech et al., 2006). EPS are considered as 
substances that contribute in bioflocculation (floc formation) and enhancing 
microbial attachment on to the membrane surface preventing detachment by 
mechanically cross-linking and stabilizing the biofilm. Lee et al. (2008) investigated 
the porosity of bio-cake and its correlation with membrane filtration. Cake 
formation is dominated in fouling of membrane at the later part of the pore blocking 
mechanism. Recent studies have shown that the colloidal and soluble fractions of 
sludge correlate well with MBR fouling (Jiang, T., PhD thesis, 2007).  
The bacteria cells on the membrane surface can be visualized by techniques such as 
Scanning electron microscopy (SEM), Confocal laser scanning microscopy 
(CLSM), Atomic force microscopy (AFM) and direct observation through the 
membrane (DOTM). Chang et al. (2008) investigated the morphology of membrane 
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foulants on inner and outer surfaces of fouled membrane using EDX (Energy 
dispersive X-ray analyser) and SEM. Visualizing the biofouling using the above 
techniques is helpful to understand the floc/cell deposition process and the 
microstructure or architecture of the cake layer.  
2.4.4.2 Fouling Factors and Membrane Resistance Kinetics 
Membrane fouling factors are mainly categorised into four groups (Le-Clech et al., 
2006) and they are: (a) Membrane characteristics, (b) Biomass characteristics, (c) 
Feed-water characteristics and (d) Operating conditions. However, according to 
Meng et al. (2009), membrane fouling is directly influenced by sludge 
characteristics and hydrodynamic conditions and not on operating conditions of the 
MBR. But, they confirmed that there is an indirect impact to membrane fouling 
from operating conditions due to the changes in sludge characteristics.  
(a) Membrane characteristics  
Membrane characteristics are mainly divided into two; physical parameters and 
chemical parameters. Physical membrane parameters are pore size and distribution, 
porosity, roughness and membrane configuration. When selection a suitable 
membrane with appropriate pore size (MF, UF, etc.), it is an important fact to 
consider the feed water (influent) characteristics and pre-treatment facilities to 
maintain the particle size distribution. Le-Clech et al. (2006) assumed that the 
membranes with large “filling-in points” (rougher) are more prone for creating 
fouling layers easily and difficult in formation of fouling layers on the membranes 
with fewer and smaller “crevices” (smoother). On the other hand, the membrane 
configuration (submerge or side-stream), which depends on the design of the overall 
treatment plant and the level of quality of treated effluent, is important to select a 
suitable membrane. Kim et al. (2008) studied behaviour of fouling of membrane 
with the depth of a membrane module in a submerged MBR and found that the 
membrane fouling was less when the membrane module was placed at a higher 
elevation in the bioreactor.  
The main chemical membrane parameters are hydrophobicity of the membrane and 
the type of membrane material. Fouling of membrane is expected more in 
hydrophobic membranes rather than that of in hydrophilic membranes due to the 
hydrophobic interactions between solutes, microbial cells and membrane material. 
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However, this behaviour could change depending on the nature of the substrate or 
the foulants in the bioreactor. Although, the membrane hydrophobicity is a 
significant factor for initial stage (beginning of the operation) of the mechanism of 
fouling and this parameter is become less significant in the later stage of the 
operation. Once the membrane is started to foul, then the chemical characteristics 
become secondary to the chemical properties of the sludge materials covering the 
membrane surface.  However, Gu et al. (2009) stated that continual use of 
membranes with hydrophobic surfaces, which cause severe fouling of membrane, is 
a disadvantage for the widespread use of MBR technology in future. Mainly, 
membrane materials are Polyethylene (PE), Polyvinylidene Fluoride (PVDF), 
Mixed Cellular Esters (MCE), Polyethersulfone (PES), etc. Yamato et al. (2006) 
indicated that PE membranes are fouled more compared to PVDF membranes in 
similar operating conditions.  
(b) Feed wastewater and biomass characteristics 
According to Le-Clech et al. (2006), feed and biomass characteristics such as nature 
and concentration of feed and biomass fractionation, bulk biomass parameters 
(MLSS, viscosity and dissolved oxygen - DO concentration), floc characteristics 
(floc size and hydrophobicity or surface charge), Extracellular Polymeric 
Substances (EPS) and Soluble Microbial Products (SMP) are considered as the 
main factors influencing fouling of membrane in MBR operation. There is an 
indirect impact from the nature and the concentration of feed-wastewater towards 
the fouling of membrane and Le-Clech et al. (2003) found that the rate of fouling 
was high when the influent was synthetic sewage. Cationic chemicals are more 
effective in aggregation of EPS (Iversen et al., 2008) and could increase the rate of 
fouling of membrane.  
Generally, activated sludge is divided in to three components; suspended solids, 
colloids and solutes. The composition of these biomass components shows an 
indication of the contribution of activated sludge towards the fouling of membrane. 
Therefore, having higher portion of colloids and solutes indicates a higher 
concentration of SMP in the activated sludge resulting higher rate of fouling of 
membrane. According to Le-Clech et al. (2006), a relatively low fouling propensity 
is shown by having a greater portion of suspended solids in MBR sludge. 
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Yigit et al. (2008) carried out a study with five different MLSS concentrations and 
four different aeration velocities and found that increase in MLSS concentration in 
MBR mixed liquor leads to increase the rate of fouling of membrane for all aeration 
velocities and fluxes. They also found that the sludge particle sizes in MBR sludge 
were decreased when increasing MLSS concentration. During long-term 
experiments carried out by Trussel et al. (2007) found that the normalised 
membrane permeability was declined when the MLSS concentration of MBR mixed 
liquor was increased regardless of other properties of sludge. Reid et al. (2008) 
showed that the mixed liquor viscosity was increased exponentially with MLSS and 
hence increased the rate of fouling of membrane rapidly. In contrast, Li et al. (2008) 
found that MLSS shows a moderate negative correlation with membrane resistance. 
Cho et al. (2005a) also did not observe a significant increase in membrane cake 
resistance even though the MLSS was increased from 4000mg/L to 10,000mg/L. 
Further, Le-Clech et al. (2006) considered MLSS as a main foulant parameter at 
first sight, but they stated that significant number of previous authors reported that 
MLSS has a negative impact on fouling of membrane. According to Drews et al. 
(2005), α-values, which are related to the oxygen transfer to the biomass, decreases 
rapidly with the increase of MLSS concentration, limit the economic operation of 
an MBR up to maximum MLSS concentration of 15 g/L.  
Mixed liquor viscosity - µ (Pa s) is another important factor that has a relationship 
with fouling of membrane. Generally, when the mixed liquor in a MBR is viscous, 
then the rate of fouling is increased and simultaneously the efficiency of mass 
transfer of oxygen in the reactor is reduced. This will affect the DO concentration to 
reduce in mixed liquor and make the situation worse. Increasing the F/M ratio of the 
system by elevating the organic loading rate influences to enhance the viscosity of 
mixed liquor. On the other hand, Meng et al. (2006a) found that excessive growth 
filamentous bacteria in the bioreactor also influences to the increase of viscosity of 
mixed liquor resulting rapid rate of fouling of membrane. In a different study, 
Trussel et al. (2007) also found that short time permeability was declined due to the 
increase of the viscosity of mixed liquor in the bioreactor. 
Temperature of mixed liquor in a MBR tank has a direct correlation with the 
viscosity of MBR sludge and hence the temperature impacts the membrane 
filtration. Generally, viscosity of a fluid decreases with the increase of its 
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temperature and the following expression gives a non-linear regression between 
critical flux and temperature. 
20
20,, 025.1
 tctc JJ         (2-4) 
Where, 
tcJ , is the critical flux at temperature ( t
o
C) and 
20,cJ is the critical flux at 
temperature (20
o
C).  
According to the general norms, higher DO concentrations in bioreactors lead to 
better filterability. The DO concentration in the bioreactor is controlled by the rate 
of aeration, which is provided oxygen to the biomass and controlled the formation 
of fouling layers on the membrane surface. Cell surface hydrophobicity could be 
lowered and consecutive floc deterioration could be occurred due to lack of 
supplying of adequate oxygen into the bioreactor and that could be one of the 
reasons for higher rate of fouling of membrane during anoxic conditions (Le-Clech 
et al., 2006).  
Floc characteristics such as floc size and their hydrophobicity/surface charge also 
influence the membrane filtration in MBR process. According to Le-Clech et al. 
(2006), aggregation of the microorganisms and formation of large floc is a 
significant element in the effective separation of suspended biomass from treated 
water in MBR system, but not very critical as in conventional ASP. In order to 
avoid blocking the membrane pore entrance, it is important to maintain the floc size 
larger than the membrane pore size. In addition, larger flocs reduces deposition of 
the foulants on the membrane due to the higher drag forces and shear induced due 
to larger floc particles in a MBR. Lim and Bai (2003) found that particle size 
distribution of MBR sludge plays an important role in pore blocking of membrane. 
Presence of small particles causes much severe fouling than having larger particles 
(bulking sludge cause much greater fouling than granular sludge) in the bioreactor. 
Chang et al. (2002) stated that the floc size in the submerged MBR is higher than 
the side-stream MBR due to the reduced shear. Further, the hydrophobic flocs lead 
to high flocculation propensity and low interaction with hydrophilic membranes.  
According to Meng et al. (2006a), EPS level and filamentous index have a direct 
influence on the relative hydrophobicity and zeta potential measured in the biomass. 
They found that the excess growth of filamentous bacteria causes severe MBR 
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fouling due to production of higher EPS levels, lower zeta potential, more irregular 
floc shapes and higher hydrophobicity. On the other hand, due to negative charges 
from ionization of the anionic functional groups, flocs (and EPS) of most activated 
sludge feature zeta potential and surface charges ranging from -0,2 to -0.6 
mequiv./g-VSS and from -20 to 130 mV respectively. During another study, Lee et 
al. (2008) found that there is a direct positive relationship between floc surface 
charge and membrane fouling propensity. Subsequent to an interesting study carried 
out by Sombatsompop et al. (2006) concluded that the fouling behaviour is 
influenced by the physical characteristics such as particle size of biomass in the 
MBRs (Chang et al. 2002), rather than the biological characteristics such as EPS.  
However, EPS in either bound or soluble form are presently considered as the major 
or predominant cause of fouling of membrane in MBRs (Meng et al., 2009; Le-
Clech et al., 2006; Jang et al., 2006 a & b; Nagaoka and Akoh, 2008; Bin et al., 
2008; Al-Halbouni et al., 2008 and 2009; Drews et al., 2006; Li et al., 2008; Reid et 
al., 2008 etc.). Bound EPS consist of proteins, polysaccharides, nucleic acids, lipids, 
humic acids, etc., which are located at or outside the cell surface (Meng et al., 
2009). Soluble EPS, which is same as SMP (Meng et al., 2009) are defined as 
soluble cellular components that are released during cell lysis, diffuse through the 
cell membrane, are lost during synthesis or are excreted for some purpose 
(Laspidou and Rittmann, 2002). They stated that polysaccharides together with 
proteins and some other compounds like DNA (Deoxyribonucleic acid)-derivatives 
are often described as EPS and SMP. In short, SMP or soluble EPS is a pool of 
organic compounds that are released into solution from substrate metabolism 
(usually with the growth of biomass) and biomass decay (Meng et al., 2009). 
According to Laspidou and Rittmann (2002), SMP can be divided into two forms; 
Substrate-Utilization-Associate-Products (UAP), which are produced directly 
during substrate metabolism and Biomass-Associated-Products (BAP), which are 
formed from biomass, presumably as part of decay. They also tried to establish a 
unified theory for EPS and SMP to show their interrelationships, which are very 
complex. They pointed out that cells use electrons from the electron-donor substrate 
to build active biomass, and they produce bound EPS and UAP in the process. 
Portion of the bound EPS can be formed BAP via hydrolysis. Part of the SMP 
formed during substrate metabolism and biomass decay can be utilized or consumed 
by active biomass as recycled electron donors; and some can be absorbed by the 
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biomass flocs and then, become bound EPS. Laspidou and Rittmann (2002) also 
confirmed that formation of UAP and bound EPS is proportional to the substrate 
utilization in the reactor. During a study done by Jiang et al. (2008) found that BAP 
and UAP were mostly composed of large biopolymer compounds such as 
polysaccharides ans proteins. They analysed BAP and UAP using a new tool, 
Liquid Chromatography-Organic Carbon Detection - LC-OCD). After a 
comprehensive study carried out by Chae et al. (2004), it was revealed that in 
addition to EPS concentration, mixed liquor viscosity and sludge volume index 
(SVI) correspond to high membrane resistance. 
Wang et al. (2008a and 2009a & b) investigated the components of EPS properties 
and their role in membrane fouling using mean oxidation state (MOS) of organic 
carbons. 
MOS of Organic Carbon = 
TOC
CODTOC )(4 
     (2-5) 
Chemical Oxygen Demand (COD) is expressed in mol-O2/L and Total Organic 
Content (TOC) is expressed in mol-C/L. They found that MOS of organic carbon 
was ranging from -0.14 to -0.51 and interestingly noted that loosely bonded EPS 
showed a more positive correlation with membrane fouling rate.  
(c) Operating conditions 
Membrane fouling leads to a significant increase in hydraulic resistance, manifested 
as permeate flux decline or increase in Trans-membrane Pressure (TMP) when the 
process is operated under constant-TMP or constant-flux conditions respectively. 
Membrane fouling results from interaction between the membrane material and the 
components of the activated sludge, which include biological flocs formed by a 
wide range of living microorganisms together with soluble and colloidal 
compounds.   
The flux through the membrane J (m
3
m
-2
s
-1
) can be related to the applied trans-
membrane pressure ∆P (Pa), viscosity of the fluid µ (Pa s) and the membrane 
resistance R (m
-1
) can be written according to Darcy’s Law as follows: 
R
P
J


           (2-6)  
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R = Rm + Rn + Rc + Rp        (2-7) 
R = Rm + Rf         (2-8) 
Where Rm is the hydraulic resistance of the clean membrane, Rn is the irreversible 
resistance due to fouling, Rc is the membrane resistance due to cake or gel layer 
formed by concentration polarization and Rp is the membrane resistance due to pore 
blocking. Rf is the sum of Rn, Rc and Rp and depends on applied trans-membrane 
pressure and the system mass transfer properties. For microfiltration, the fouling by 
concentration polarization could be ignored due to the large size of particles 
retained in the reactor (Lim and Bai, 2003). 
Lim and Bai (2003) also stated three different expressions for permeation fluxes 
under membrane resistance limited, pore blocking resistance limited and cake 
resistance limited microfiltration processes separately extracted from Wiesner et al. 
(1992). 
For membrane resistance limited microfiltration process 
)1( 0
0
tKJ
J
J
m
         (2-9) 
For pore blocking resistance limited microfiltration process 
)exp(0 tKJJ p         (2-10) 
For cake resistance limited microfiltration process 
)1(
2
0
2
02
tKJ
J
J
c
         (2-11) 
By rewriting the above equations (6), (7) and (8) in linear form,  
For membrane resistance limited microfiltration process 
tK
JJ
m
0
11
        (2-12) 
For pore blocking resistance limited microfiltration process 
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0lnln JtKJ p            (2-13) 
For cake resistance limited microfiltration process 
tK
JJ
c 2
0
2
11
        (2-14) 
Where 0J is the initial flux (m
3
m
-2
s
-1
), which mainly depends on Rm, J is the flux 
(m
3
m
-2
s
-1
) through the membrane at time t (hr) and cpm andKKK ,, are system 
parameters relating to membrane resistance, pore blocking resistance, and cake 
formation resistance in microfiltration, respectively. By plotting the flux ( J ) vs 
time ( t  ) at different stages of MBR-microfiltration will show fitting the above 
models, hence can be obtained 
cpm andKKK ,, for each case. This will indicate the 
type of membrane fouling with relation to membrane cleaning method (Lim and 
Bai, 2003).  
On the other hand, maintaining a higher biomass concentration in a bioreactor 
reduces the F/M ratio and tends to reduce the growth rate of microorganisms 
resulting low sludge production. However, a low F/M ratio increases the sludge age 
in the bioreactor resulting disintegration of microorganisms and excrete soluble 
microbial products (SMP), EPS, etc., and cause membrane fouling by increasing 
pore blocking resistance. 
Further, the concentrations of protein and carbohydrates of EPS in MBRs and ASPs 
usually decrease with increasing F/M or decreasing SRT (Ng and Hermanowicz, 
2005). It is a common fact that EPS are central to aggregate of individual bacteria 
into floc particles. The amount of EPS per unit of biomass increases with the 
increase of SRT and according to Grady et al. (1999), the minimum SRT should be 
greater than two days in order to achieve an effective bio-flocculation. Ng and Kim 
(2007) predicted that extremely low SRTs would result to exceed the rate of 
production of biomass than the EPS production could be the reason for incomplete 
bio-flocculation and poor sludge settling.  
 
Grelier et al. (2006) compared three pilot MBR plants with different sludge ages (8, 
15 and 40 days) and found that the plant with sludge age of 40 days recorded the 
lowest polysaccharide concentrations and showed the best operating performance. 
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In this study MBR with SRT of 8 days showed the poorest performance. It was also 
found that the formation of polysaccharide concentration of an MBR was not 
affected by unsteady operation (irregular sludge wastage and oxygen supply). On 
the other hand, Laera et al. (2009) investigated the correlation between the organic 
loading rate (OLR) and the SRT and found an excellent correlation between them. 
Another study carried out by Jiang et al. (2008) on modelling the production and 
degradation of SMP, found that the lower SRTs give increased UAP levels, but 
decreased the amounts of BAP and vice-versa.  
Table 2.15 shows a summary of membrane fouling factors. 
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Table 2.15 Relationship between various fouling factors and membrane fouling (Source: Meng 
et al., 2009) 
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2.4.5 Fouling Control strategies, Membrane Cleaning and Optimization 
of MBR Operations 
As described in the previous section, permeate flux is declined due to membrane 
fouling, and this could occur due to several reasons; feed water composition, 
membrane characteristics (area, pore size, material, etc.) and operational conditions 
of the bioreactor. Therefore, fouling control strategies (Table 2.16) should be 
established considering the above. In order to operate a MBR effectively, the factors 
such as mixed liquor suspended solids (MLSS), sludge retention time (SRT), 
hydraulic retention time (HRT), permeate suction and relaxation time, aeration 
intensity, etc., should be controlled at optimum levels. Meng et al. (2009) 
categorized fouling control strategies into three broad areas namely; hydraulic 
control, chemical control and biological control (Table 2.16). Chua et al. (2002) 
recommended to increase the aeration rate and operate at a lower flux (subcritical 
flux) with intermittent permeate suction to control fouling of membrane. A 
summary of fouling control factors are illustrated in Table 2.16. 
Table 2.16 A summary of Fouling Control factors  (Source: Meng et al., 2009) 
 
Periodic/regular physical cleaning of membranes is considered as an effective 
primary fouling mitigating strategy. In general, physical cleaning of the membrane 
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module is carried out in two ways; membrane relaxation (filtration is paused for 
some time) and backwashing (permeate or clean water pumped in reverse direction 
through the membrane for certain time).  Backwashing technique removes most of 
the reversible fouling due to pore blocking and helps to dislodge loosely attached 
sludge cake. A study on evaluating the efficiency of backwashing techniques by Le-
Clech et al. (2006) found that backwashing with compressed air is the most 
effective membrane cleaning technique but they stated that it may cause membrane 
breakage and rewetting. Generally, the periodic relaxation and backwashing 
techniques would not be adequate with the MBR operation, due to excessive 
increase in irreversible fouling. Then the chemical cleaning techniques are 
employed and usually, the specific chemical cleaning protocols and details are 
supplied by the membrane manufacturers.  
However, according to many authors, chemical cleaning should be avoided as much 
as possible as it may reduce the life-time of the membrane plus it increases the 
operational costs. Trussell et al. (2007) stated that rapid membrane fouling leads to 
increase membrane chemical cleaning frequency (increasing operating and 
maintenance costs), decrease membrane lifetime and plant performance. During a 
different study, Chae, et al. (2004) recommended inside remediation technique (air 
backwashing) than outside remediation (air punches) to clean the membranes as it 
removes the fouling occurred due to adsorption, pore blocking and cake formation 
more effectively. They also stated that in-situ cleaning of membranes using 
chemicals such as sodium hypochlorite solution or nitric acid could be toxic to 
microorganisms in the bioreactor and therefore, they recommended using air-
punching and air-backwashing as in-situ membrane cleaning techniques. Drews et 
al. (2005) stated that a high content of foulants (polymeric substances, etc.) in the 
bioreactor require more frequent chemical cleaning. Therefore, it is important to 
optimize other operating parameters to maintain a favourable anti-fouling 
environment in the bioreactor to reduce the frequency of membrane cleaning. 
During a study carried out by Lim and Bai (2003), found that a combination of 
clean water backwashing, sonication and chemical cleaning with alkali and acid 
could achieve almost complete flux recovery. 
Supply of high rate of aeration to the MBR is another method to mitigate membrane 
fouling. However, supplying high quantities of air into the reactor/membrane is an 
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expensive option and therefore, recent studies have been focused on optimizing air 
flow rate. Chang and Judd (2003) found that air sparging is an effective technique 
to mitigate fouling of membrane. They found that the air flow at a 45
o
 inclination 
lead to a worse flux decline than straight or inclined up-word flow, indicating that 
one of the latter configurations should be used in order to control fouling of 
membrane effectively. Although controlling fouling of membrane by optimisation 
of hydrodynamics and air scouring has been used as traditional strategies, currently 
chemicals are used to bind colloid and other sludge components in flocs as sludge 
flocculation methods. In the case of coarse bubble aeration, which is applied for 
creating turbulence and scouring forces on to the membrane surface in order to 
move the membrane bundle and rub the fibres against each other, thus removing 
cake layers. This will control membrane fouling to a greater extent. Trussell et al. 
(2007) found that coarse bubble aeration was very effective in the removal of 
fouling causing materials accumulated on the membrane surface. On the other hand, 
Yang et al. (2006) noted that increasing the air supply for aeration leads to 
controlling fouling of membrane but impacts negatively on denitrification. 
Generally, submerged MBRs consume less energy, but additional energy is required 
to supply coarse air bubbles in order to keep the membrane free of deposition of 
foulants. On the other hand, cross flow MBRs need higher amount of energy but 
can operate with very high flux rate compared to submerged MBRs. Robinson of 
Wehrle Environmental Inc. showed that the technology was developed to build a 
low energy cross flow MBR systems (semi-cross-flow MBRs), in order to operate 
them under low energy and less fouling problems.  
As described in the previous section, SRT plays a significant role on the operating 
conditions in controlling fouling of membrane (Drews et al., 2005; Grelier et al., 
2006). Amongst the other approaches, Yang et al. (2006) studied a hybrid 
membrane bioreactor (HMBR) with porous, flexible suspended carriers and 
explored that of efficient in controlling membrane fouling, especially formation of 
cake layers. On the other hand, Achilli et al. (2009) proposed a forward osmosis 
MBR as a low fouling alternative to present submerged MBR and found that the 
performance of the forward osmosis MBR was excellent and need not to clean the 
membrane often. In addition to above, Kim et al. (2008) found an effective control 
of membrane fouling by changing the position of the membrane module in MBR. 
They elevated the membrane bottom to top (lower to upper zone) and revealed that 
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membrane fouling could be minimized in the upper zone due to the reduced bio-
solids concentration. 
It is a fact that operating MBR with higher demand of energy is a drawback for the 
future expansion of MBR technology. It is recognized that the energy usage of 
MBR is still higher than the conventional ASP, due to the need of controlling 
membrane fouling by different modes of techniques (Le-Clech et al., 2006). Due to 
this reason, MBRs are now investigated to operate economically, by controlling the 
flux at a sustainable rate without significant fouling. As permeation rate is inversely 
proportional to the membrane fouling rate, most MBR systems are forced to operate 
at low fluxes to limit rapid and severe membrane fouling. This prevents chemical 
cleaning of membrane modules. The concept behind this fouling control strategy 
was originally presented by Field, et al. (1995) defining the term “critical flux” (Jc), 
which occurs at 0
dt
dp
 
and below this flux Jc, flux is not declined due to fouling of 
membrane. Field, et al. (1995) introduced the critical flux hypothesis for 
microfiltration by stating this statement; “on start-up there exists a flux below which 
a decline of flux with time does not occur; above it fouling is observed. This flux is 
the critical flux and its value depends on the hydrodynamics and probably other 
variables”. They defined two distinct forms of concepts; Strong form – the flux 
obtained during subcritical flux is equated to the clean water flux under the same 
conditions and Weak form – subcritical flux that is established and maintained 
during the start-up of the filtration, but not necessarily equal to the clean water flux. 
Le-Clech et al. (2003) stated that for real wastewaters, clean water fluxes (strong 
form) are rarely obtained due to irreversible adsorption of foulants on to the 
membrane. According to Howell (1995), subcritical flux is termed as the constant 
permeability or stable filtration operation for an extended period of time but there 
can be an initial flux decline due to solute adsorption.  
As explained by Field, et al. (1995), prior determination of critical flux is difficult 
as the surface interactions of the species and substances on the membrane can vary 
significantly from system to system. According to Le-Clech et al. (2003), the 
methods (Table 2.17) adopted to determine critical flux through evaluating 
deposition and adsorption of soluble compounds and transient changes in cake 
properties at zero deposition by several researchers in past (Green and Belfort, 
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1980; Kwon and Vigneswaran, 2000; Shirato et al., 1985) were not very successful 
to apply in full scale real MBR systems. Bouhabila et al. (1998) explained a method 
to find the transition between constant and non-constant permeability at the onset 
fouling by plotting the flux against the TMP. The flux at this transition was termed 
as “secondary critical flux” or weak form of Jc.  
Table 2.17 Critical flux definitions and methods of determination (Source: Le-Clech et al., 
2003) 
Definition Method of determination Restriction Reference 
Stable operation for long period Observation of TMP and flux 
behaviour 
Initial flux decline 
not take account 
Howell (1995) 
Transition between pressure-
dependant and pressure-
independent flux 
Hydraulic tests (changes in 
TMP for different fluxes) 
Short-term 
experiment 
Bouhabila et al. 
(1998) 
Inertial lift velocity (VIL) Determination of internal lift 
velocity 
Based on theoretical 
model 
Kwon and 
Vigneswaran 
(1998) 
No material deposition Direct observation through 
membrane 
Soluble deposition 
not visible 
Kwon et al. 
(2000) 
No material deposition Mass balance Soluble deposition 
not visible 
Shirato et al. 
(1985) 
Stable operation (constant 
specific flux) from the start-up 
Flux-step method Short-term 
experiment 
Cho and Fane 
(2002) 
Limiting flux Stepwise increase of TMP Less fouling control Defrance and 
Jaffrin (1999) 
 
Commonly, critical flux of a MBR system is determined by increasing the flux 
incrementally for a fixed duration and recording TMP for each increment (Le-Clech 
et al., 2003; Bouhabila et al., 1998; Defrance and Jaffrin, 1999). Critical flux was 
estimated as the highest flux corresponding to 0
dt
dp
. Defrance and Jaffrin (1999) 
stated this method is preferred over TMP-step method as flux-step method provides 
better control of flow of material deposition on the membrane surface due to 
constant flow of solutes towards the membrane throughout the test. However, there 
is no single and precise agreed protocol for critical flux determination and results 
may be different and cannot be comparable as the differences in variables such as 
step duration, step height, initial state of membrane (new, chemically cleaned or 
back washed), feed characteristics and other operating conditions. 
 
According to the method adopted by Le-Clech et al. (2003), the permeation rate was 
incrementally increased and the pressure change continuously monitored by using a 
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pressure transducer. During the experiment, level of the mixed liquor in the 
bioreactor was kept at a constant level and assumed that the TMP was varied only 
because of the changes in permeate suction pressure due to  fouling of membrane. 
For each flux step, two TMP values were recorded (initial TMP – TMPi and final 
TMP – TMPf). TMPi was recorded subsequent to the next flux was adjusted 
(generally, this needs some time) and therefore, TMPi is an arbitrary value. 
 
Initial TMP increase, 
1
0
 nf
n
i TMPTMPP               (2-15) 
 
TMP increase rate 
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
       (2-17) 
 
In the above expressions, “n”, “i” and “f” denote the flux step number, initial 
TMP/time and final TMP/time respectively.  
Le Clech et al. (2003) repeated the experiment for declining the flux with same flux 
step and recorded the relevant TMP values. However, during the critical flux 
experiment by Guo et al. (2008), after each flux step, the membrane was 
backwashed using membrane filtrate (30L m
-2
h
-1
) in order to avoid the impact to the 
following step due to reversible fouling. A brief description of several methods of 
critical flux determination was published in Navaratna and Jegatheesan (2011) and 
shown in Chapter 3 (Section 3.1.2.2). A summary of critical flux studies carried out 
by several authors in past also is illustrated in Table 3.1 (Chapter 3). 
During the study carried out by Guo, et al. (2008) found that both submerged 
membrane bioreactor (SMBR) and submerged membrane anaerobic bioreactor 
(SMABR) showed the same critical flux of 20 L/(m2 h) after 20 days running 
except that the SMBR had a higher TMP value to maintain the sustainable flux. 
According to Andreottola and Guglielmi (2001), understanding of sub-critical flux 
conditions is important in order to reduce the operational cost of MBR process. 
However, most of the MBR systems that are used to determine the critical flux 
values at present are very different to those used in full scale applications. They 
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found that the critical flux value was not influenced by the length of duration of 
each flux step. Based on the study carried out by Cho and Fan (2002), found that 
MBR could be operated over extended periods at a fixed sustainable flux if the flux 
is substantially below the nominal critical flux of the MBR system. However, they 
found that even below the nominal critical flux, TMP tends to rise in two-stage 
process; a gradual initial linear TMP rise and then a sudden increase of TMP. Van 
der Marel, et al. (2009) proposed an improved flux-step method to determine the 
critical flux for a MBR. They compared the common flux-step method and this 
improved flux-step method. They found that the critical flux obtained from 
improved flux-step method was marginally less that of obtained from common flux-
step method. In addition, Van der Marel, et al. (2009) stated several advantages 
over common flux-step method such as reducing fouling history caused by 
reversible fouling and ability to estimate the reversible and irreversible fouling for 
each flux step. Le Clech et al. (2003) found low 
dt
dp
 values for long term filtration 
trials compared to short term filtration tests. They mentioned that subcritical flux 
operation led to a catastrophic increase in fouling rate after some critical time 
period and this depends on the feed water matrix, operating flux and possibly on 
mixed liquor composition in the MBR.  
Guglielmi et al. (2007a and b) and Saroj et al. (2008) developed a mathematical 
model to understand the subcritical membrane fouling mechanism and control. The 
model was developed based on the rate of reduction of membrane effective area due 
to fouling which depends on both free and bound EPS. This model was used to find 
critical time in subcritical operations (Navaratna and Jegatheesan, 2011) and 
presented in Chapter 3 (Sections 3.1.3.4 and 3.1.3.6). During another study carried 
out by Defrance and Jaffrin (1999), investigated the critical flux concept introduced 
by Field et al. (1995) in order to operate a MBR for long periods without chemical 
cleaning and they also confirmed the recommendations made by Field et al. (1995) 
subsequent to their study. Section 3.1.1 explains some additional reviews on this 
topic briefly.   
2.5 Hybrid MBR system for treating Ametryn 
As shown in Section 2.1.5.6 and Table 2.14, it is a fact that MBR alone is not 
capable of removing 100% of pollutants (Nghiem et al., 2009) in influent. 
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Although, MBR shows superior treatment performance (González et al., 2006) of 
micropollutants (moderately persistent) compared to conventional ASPs, due its 
biochemical process, this efficiency tends to fluctuate. Therefore, MBR effluent 
probably consists of significant amounts of micropollutants (semi or non 
biodegradable organic substances). Due to this reason, MBR is coupled with 
another advanced treatment technology such as GAC/PAC adsorption (Fontecha-
Cámara et al., 2008; Foo and Hameed, 2010; Jones et al., 1998; Li et al., 2011; 
Namasivayam and Kavitha, 2003; Tomaszewska et al., 2004; Gérard and 
Barthélemy, 2003; Dantas et al., 2011; Basar et al., 2004) , ultra or nano-filtration – 
UF/NF (Wang et al., 2010; Ahmad et al., 2008; Benitez et al., 2009; Boussahel et 
al., 2000, 2002; Caus et al., 2009; Causserand et al., 2005; Chon et al., 2011; 
Majewska-Nowak et al., 2002; Sarkar et al., 2007b; Van der Bruggen et al., 1998; 
Wintgens et al., 2002) , reverse osmosis – RO (Bonné et al., 2000) or a suitable 
advanced oxidation process (Gao et al., 2009; Khan et al., 2011; Xu et al., 2009; 
Badawy, et al., 2006). 
After looking into the available resources, funds and performance of each process 
above, it was decided to study and use an adsorption (activated carbon) technique to 
remove the remainder amounts of Ametryn from MBR effluent prior to the final 
discharge. In order to design the system, isotherm experiments were carried out for 
several herbicides including Ametryn.  
2.5.1 Activated carbon for removal of Ametryn 
According to the Adsorption design guide published by Department of U.S. Army 
(DG 1110-1-2), activated carbon is manufactured using, including coal (bituminous, 
sub-bituminous, and lignite), peat, wood, or nutshells (i.e., coconut). There are two 
phases in manufacturing process of activated carbon; carbonization and activation. 
During the carbonization process carbonaceous material is dried and then heated to 
separate by-products such as tars and other hydrocarbons from the raw material. 
This process also helps to drive off any gases generated. The carbonization process 
is completed by heating the material up to 400–600°C in an oxygen-deficient 
atmosphere that cannot support combustion. The carbonized particles are then 
“activated” by exposing them to an activating agent, such as steam at high 
temperature. Steam burns off the decomposition products from the carbonization 
phase to develop a porous, three-dimensional graphite lattice structure. The size of 
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the pores developed during activation is a function of the time that they are exposed 
to steam. Longer exposure times give larger pore sizes and due to these pores in 
activated carbon, it shows high adsorptive properties (Kvech & Tull, 1998) 
According to Foo and Hameed (2010), activated carbon is a popular adsorbent due 
to its large porous surface area, controllable pore structure, thermo-stability and low 
acid/base reactivity. Activated carbon has an advanced ability for removing a range 
of organic and inorganic pollutants that are dissolved in aqueous media and even 
from gaseous environments. Activated carbon adsorption has been designated as the 
“best available technology” for the treatment of herbicides in drinking water by the 
US Environmental Protection Agency (Adams & Watson, 1996). The adsorption 
process is a surface phenomenon in which a multi-component fluid (gas or liquid) 
mixture is attracted to the surface of a solid adsorbent and forms an attachment by 
either bonding them physically or chemically (Foo & Hameed, 2010). Adsorption 
capability of activated carbon mainly depends on porosity (Figure 2.8) and specific 
surface area. On the other hand, the concentration of herbicide and its properties 
such as molecular size and shape of the structure, hydrophobicity, etc. are important 
for the adsorption mechanism.  
                   
Figure 2.8 Typical granule of activated carbon 
Depending on the application, different forms of activated carbon such as 
powdered, granular and fibre or cloth (Namasivayam and Kavitha, 2003) are used to 
remove organic substances from water and wastewater. On the other hand, Ayranci 
and Hoda (2005) conducted several batch studies using carbon-cloth pieces and 
they achieved 85% and 50%  removal of Ametryn and Diuron respectively. 
Micro pores 
Macro pores 
Carbon matrix 
Meso pores 
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However, the most common forms of activated carbon (adsorbents) used for the 
removal of herbicides are PAC and GAC. PAC is commonly used in wastewater 
treatment (Munz et al., 2007) whereas GAC is used in water treatment (Marcomini 
et al., 1991). In addition to the treatment of micropollutants including herbicides 
and pesticides, activated carbon is mixed with MBR mixed liquor as a strategy of 
controlling fouling of membrane (Fang et al., 2006). On the other hand, GAC is 
mainly used in tertiary treatment in wastewater treatment as a filtration mechanism 
(Gérard and Barthélemy, 2003).  During a study with GAC as the adsorbent, Baup 
et al, (2002) found that the removal of Atrazine and Diuron improves significantly 
when GAC was crushed up to a level of PAC (smaller particles increase the surface 
area). From another study by Hai et al. (2011) found that bioaugmented MBR with 
a GAC-packed anaerobic zone was very efficient for stable decolouration of textile 
wastewater (with high dye-loading) together with removal of organics (TOC and 
TN). Further, Dantas et al. (2011) investigated GAC filters with different types of 
activated carbon to treat ground water (Gaurany aquifer in Brazil), which was 
contaminated with Diuron and Hexazinone, and found that GAC was very efficient 
in removal of such herbicides and their by-products.    
2.5.2 Adsorption isotherms  
In order to evaluate the efficiency (for the removal of pollutants) of activated 
carbon, adsorption isotherms are carried out. Adsorption isotherms are usually 
obtained by examining batch reactions at a fixed temperature either in a water bath 
shaker or with jar test apparatus. Sorption isotherms are described by equilibrium 
relationships between sorbents and sorbates; they result in the capacity of a sorbent 
(Ho, 2006). A number of different adsorption isotherms (Table 2.18) are available; 
Langmuir 1 & 2 and Freundlich, which are two parameter models, and Redlich-
Peterson, Sips and Temkin, which are three parameter models. In order to determine 
the best-fitting isotherm, linear regression is usually used for two parameter models. 
Least-squares method is also used to confirm experimental data and isotherms using 
coefficients of determination. As linear analysis is not quite possible for the three 
parameter models, trial and error technique could be used to determine the 
parameters. 
An isotherm is the relationship that shows the distribution of adsorbate (material 
adsorbed) between the adsorbed phase (that adsorbed on the surface of the 
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adsorbent) and the solution phase at equilibrium. Media manufacturers are a source 
of adsorption isotherms. Many manufacturers conduct research on their products 
and often supply chemical-specific adsorption isotherms for their products. 
However, many of these isotherms that are carried out by manufacturing companies 
are batch isotherms, which could be used as proof of concept data (to show that a 
particular product can adsorb a particular chemical). The actual working 
adsorption capacity could be much less than the equilibrium batch capacity because 
of the other constituents such as total organic carbon that are present in water/ 
wastewater. This occurs due to the non-instantaneous adsorption kinetics of 
activated carbon. Therefore, activated carbon manufacturer’s data should be 
checked carefully when the carbon is used for designing an adsorption system.  
There are several mathematical relationships available to describe the equilibrium 
distribution of a solute between the dissolved (liquid) and adsorbed (solid) phases. 
These relationships help to interpret the adsorption data obtained during constant 
temperature tests, referred to as adsorption isotherms. These isotherms and their 
linear forms are illustrated in Table 2.18. 
2.5.3 GAC filtration   
In water treatment, GAC filtration is adopted to remove contaminated pollutants 
after sufficient pre-treatment. On the other hand, GAC filtration is commonly used 
for tertiary treatment in wastewater treatment after adequate primary and secondary 
treatment especially when the treated water is needed to treat further for 
micropollutants (persistent and difficult to eliminate from biochemical and 
membrane filtration), discharge to sensitive environments and/or reuse.  The overall 
performance of a GAC adsorption treatment process depends on the following 
factors: (1) Physical properties of the GAC: source of raw carbon, method of 
activation, pore size distribution, and surface area, (2) Chemical and electrical 
properties of the carbon source or method of activation (hydrogen and oxygen 
content in the GAC impacts the performance), (3) Chemical composition and 
concentration of contaminants, (4) Temperature and pH of the influent (adsorption 
usually increases as temperature and pH decrease) and (5) The flow rate and 
exposure time to GAC (the lower the contaminant concentration and flow rate tend 
to increase the life of the GAC).  
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Table 2.18 Isotherms and their linear forms 
Isotherm Linear form Plot 
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2.5.4 GAC filter configurations 
GAC filtration involves passing a liquid or water contaminated with certain 
pollutants through a bed of granular activated carbon held in a reactor/filter or a 
contactor. These reactors are designed to flow the effluent under pressure or just 
gravitational pressure. The flow direction could be upflow or down-flow (Metcalf 
and Eddy, 2003). Types of GAC filters are mainly divided into two; (1) down-flow 
or upflow fixe-bed filters and (2) upflow expanded-bed filters. These filters can be 
designed as multiple reactors to have them in series or parallel flow as shown in 
Figure 2.9. Fixed-bed filters are commonly designed as down-flow types as 
suspended solids retain on the top of the bed and easily could be removed by 
backwashing. The main advantage of the fixed-bed types is that adsorption of 
pollutants and filtration of suspended solids are accomplished in a single step. On 
the other hand, expanded-bed filters are developed to overcome the head-loss 
problems which are common in fixed-bed types. In this type, influent is supplied 
from bottom and allowed the carbon bed expand and reduced the head-loss. 
However, the filtered effluent will have higher content of carbon fines (this may be 
one of the reasons for showing higher turbidity of GAC treated effluent than its 
influent) in this case.      
2.5.5 Biological growth in GAC filters 
Biological growth can sometimes be desirable within GAC, which results in what is 
known as biologically active carbon (BAC). BAC can be beneficial by removing 
assimilable (adsorbable) organic carbon (AOC) and other biodegradable 
compounds. During a study, Jones et al. (1998) found that 70% of removal of 
Atrazine was obtained by using GAC filters inoculated with bacterial culture. 
Therefore, if it is intended to have BAC, the GAC filters are typically preceded by 
ozonisation that breaks down the organic carbon into a more assimilable form. This 
process can enhance the overall contaminant removal of the GAC process. 
However, the biological growth needs to be controlled with frequent backwashing 
(usually once in every 5 days). The use of chlorine prior to the beds will not prevent 
growth, will produce DBPs which take up more GAC adsorption sites, and make 
the carbon more brittle. Disinfection is generally recommended after the GAC 
filters to prevent biological growth in the distribution system, avoid discharge of 
any pathogen or harmful bacteria, and to achieve the highest removal of AOC 
within the plant. If biological growth is not controlled and anaerobic conditions 
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could develop resulting odour problems and undesirable organisms will begin to 
grow. In some cases, a significant head loss due to clogging the media and short-
circuited situations can occur due to high biological growth. These are the 
disadvantages of allowing biological growth in a GAC filter and need to be 
accounted in designing such units.  
In order to control biological growth in GAC filters, in most cases silver impregnated 
GAC is used. Silver based GAC's are effective in controlling bacterial growth and 
multiplications (bacteriostatic) only for a short time because the silver is in form of a 
"spray" over a small percent of granules (usually 1.05% of the total GAC content). As 
the water passes the granules "rub off" each other leaching the silver prematurely and 
this is an environmental hazard. Therefore, filters containing silver based GAC must 
register that device with EPA, that does not mean is approved by EPA. 
 
 
 
 
 
 
   
 
(a)                               (b)                                      (c)                                       (d) 
 
Further, UV disinfection could be effectively used as a pre-treatment technique to the 
Unlike in sterilisation process, all the microorganisms are not eliminated by the UV 
disinfection process; however, it is an option. In order to kill microorganisms using UV 
disinfection, it is important to know the total microorganism community, as different 
microorganisms need different total UV dosages. According to the literature produced 
by UVS ultraviolet, determination of total UV dosage is essential to design the correct 
UV unit (for details refer Supplementary Information attached – SI #4.1). In order to 
determine the correct size of the UV disinfection unit, the percentage of UV 
transmittance of permeate (in our case MBR effluent) at 254 nm using 1 cm Fused 
Quartz Cells, flow rate, target microorganisms, the required percentage of kill rate for 
the particular application and the total UV dosage in μWsec/cm2 should be estimated.  
 
Figure 2.9 Typical GAC filter configurations – (a) Fixed-bed in series, (b) Fixed-bed in parallel, 
(c) Expanded-bed in series and (d) Expanded-bed in parallel 
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Figure 2.10 Information for the design of a UV disinfection unit (Source: UVS ultraviolet) 
 
2.6 Conclusions 
There are many sensitive environmental systems in the world. The Great Barrier 
Reef ecosystem is a good example for a sensitive environment. Although it is 
considered as one of the best managed ecosystems in the world, large quantities of 
herbicides are still discharged from farmlands, wastewater treatment plants and 
industries located in the GBR catchments. The authorities responsible ensure that 
the discharge from the catchments cause minimal adverse impacts to the GBR 
lagoon. Although the agricultural industry located in the GBR catchments 
implements best management practices, the release of herbicides and pesticides to 
the GBR lagoon is unavoidable especially during the wet season. Large quantities 
of herbicides are discharged through diffuse (contamination of land/soil) and point 
sources (overflows of recycling ponds during wet season and conventional 
WWTPs). Thus, integrated treatment systems are necessary to minimise the 
herbicides and pesticides loads that are being released to GBR lagoon with 
agricultural discharges. Research studies indicate that the membrane processes are 
the best in reducing those pollutants from those discharges followed by adsorption, 
biological and/or wetland processes.  
Ametryn, which is used commonly in sugarcane farmlands in GBR catchments to 
control broad leaf grass, was selected to research in this study. Ametryn consists of 
similar characteristics shown by Diuron, Atrazine and most of the second 
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generation herbicides used in Australia. High level of solubility of Ametryn in 
water compared to Diuron and Atrazine helps to prepare stock solutions with higher 
concentrations and hence Ametryn is a better option to be used as a feed in 
continual treatment operations.  
Membrane bioreactor (MBR) technology, which consists of two interdependent 
treatment processes (biological treatment and membrane filtration), was chosen for 
this research study because, 
 MBR has shown a superior performance compared to conventional activated 
sludge processes in the treatment of micropollutants such as 
pharmaceutically active compounds, surfactants, industrial chemicals, etc.  
 MBRs operate at long sludge retention times (SRTs) and higher biomass 
concentrations. Longer SRT encourages slow growing bacteria which could 
degrade variety of pollutants. Higher biomass concentrations help to absorb 
shock loads and to confine plant configurations with smaller footprints.    
However, Fouling of membrane in MBRs is considered as one of the most 
prominent drawback in its widespread applications. Fouling propensity in a MBR 
system behaves differently depending on the nature and characteristics of the 
influent, sludge conditions and operating parameters. Therefore, studying trends of 
fouling of membrane is an important part of all MBR studies.  
By evaluating the previous studies on MBR applications in the treatment of 
different types of persistent and toxic substances, it could be seen that MBR alone is 
not applicable for 100% removal of such substances from contaminated water. 
Therefore, a hybrid system that consists of a MBR followed by an ultra-violet 
disinfection unit as well as a granular activated carbon filter, which is considered as 
a very efficient in removing pesticide and herbicide and has been proposed in this 
study to remove the remaining Ametryn residues from MBR effluent. 
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CHAPTER 3 
 
3. EVALUATION OF FOULING OF MEMBRANE 
DURING SHORT AND LONG TERM OPERATIONS OF 
MEMBRANE BIOREACTORS 
Abstract  
Findings of short-term critical flux tests with different techniques including tests with different flux 
step lengths (20 and 40 minutes and 7days) and modes of operation (continuous and intermittent) 
under low and high MLSS concentrations are discussed in this chapter. It also analyses a series of 
long-term tests to obtain the time required to reach the critical flux experimentally and compares 
those values with the results obtained numerically from a mathematical model. Experiments were 
carried out before and after addition of Ametryn under tropical (Phase 1) and sub-tropical (Phase 2) 
climatic conditions.  Intermittent mode with membrane relaxation was useful in controlling the 
fouling of membrane and in restoring the membrane from fouling at a lower range of MLSS (4 to 8 
g/L). Critical flux values obtained for the experiments carried out immediately after the introduction 
of Ametryn were smaller than of previous indicating high fouling trends. The most sustainable flux 
for the MBR treating Ametryn is 5.1 L/m
2
/h and can be operated (sometimes several months) 
without chemical cleaning of membrane. Carbohydrate concentration in SMP was closely correlated 
with critical flux values (fouling of membrane). 
Different numbers of oligochaete worms were present in the MBR mixed liquor (hydraulic volume 
13 L) during the Phase 2 MBR operation (214 days). The intense rate of aeration (over 20 L/min) 
and 20 to 25 
o
C of temperature were favourable for higher growth of worms. High fouling propensity 
(2.5 kPa/day) and low concentration of MLSS (5.5 g/L) were recorded when the worm population 
was high. Presence of worms reduced the sludge-floc sizes (75 µm) and showed rapid sedimentation 
properties with high turbidity levels of supernatant of the settled sludge. Carbohydrate concentration 
of soluble microbial products (SMP) increased with worm numbers.  
 
 
 
 
The content in Sections 3.1.1 to 3.1.3 was published as a Journal Paper: Implications of short and long term 
critical flux experiments for laboratory-scale MBR operations, Bioresource Technology 102 (2011), 5361-5369  
The content in Section 3.1.4 was published as a Conference Paper: Removal of Ametryn using Membrane 
Bioreactor process and its influence on critical flux. International conference on sustainable built environment 
– ICSBE 2010, Sri Lanka,  Conference proceedings ISBN 978-955-589-147-9, pp 189-197 
The content in Section 3.2 submitted for publication; Influence of Aeolosoma hemprichi on operating 
performance of a submerged membrane bioreactor treating Ametryn. Bioresource Technology (2012) 
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3.1 Implications of short and long term critical flux 
experiments for laboratory-scale MBR operations 
3.1.1 Introduction 
A Membrane Bioreactor (MBR), which consists of a bioreactor and a membrane 
filtration unit for separation of biomass, is one of the latest wastewater treatment 
processes that is available to produce effluent of very high quality. In MBRs, 
bioreactor and membrane filtration cannot be considered as individual unit 
operations as they are interdependent in many ways and therefore, MBRs are 
considered as “Hybrid Reactors” (Drews and Kraume, 2005). Fouling of membrane, 
which causes decrease in permeate flux or increase in Trans-Membrane Pressure 
(TMP), has been considered as the main obstacle to the widespread application of 
MBR and this leads to higher demand of energy and consequently higher operating 
costs. Fouling of membrane can be overcome by controlling the flux at a sustainable 
rate, and this will reduce the frequency of chemical cleaning of the membrane. This 
sustainable operating flux (or sometimes called as subcritical flux) should be below 
a certain value, which is called “Critical Flux” and this critical flux in a MBR 
system depends on the membrane characteristics, sludge properties and operating 
conditions.  
The critical flux is a quantitative parameter for the filterability of different 
membranes and/or different activated sludge conditions (Van der Marel et al., 
2009). According to Howell (1995), the critical flux is generally considered as the 
flux above which formation of cake or gel layer, due to deposition of particles and 
colloids on the membrane surface, occurs. Ognier et al. (2004) defined the critical 
flux as the flux at which the forces linked to filtration pressure (which controls the 
particulate matter in the region) and the shearing forces (which conversely hold 
them and preventing deposition) are at a balance. On the other hand, the subcritical 
flux is defined as the flux below which no membrane fouling would occur. 
Operating a MBR at sub-critical flux is called as non-fouling operation (Howell, 
1995), where little or no irreversible fouling would occur. The concept of critical 
flux was initially introduced by Field et al. (1995) and two distinct forms were 
established: strong form, which is the sub-critical flux equal to the clean water flux 
under same conditions and weak form, which is the subcritical flux that is rapidly 
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established and maintained during the start-up of the filtration, but not necessarily 
equal to the clean water flux. Mixed liquor in a MBR has a complex array of 
organic and inorganic substances (consisting of a variety of colloids and extra-
cellular polymeric substances (EPS)) and will cause to foul the membrane. 
Therefore, weak form of critical flux is generally applied in MBR processes (Le-
Clech et al., 2003; Ognier et al., 2004). 
Critical flux determination techniques are mainly divided into three: (a) Common 
short-tem flux step method, which increases the flux or permeate suction rate step-
wise and allows it for a fixed duration (less than 1 hour), while monitoring the 
corresponding TMP, (b) Improved Flux Step method described by Van der Marel, 
et al. (2009), in which the membrane is operated at a higher flux, then followed by a 
fixed lower flux for equal time durations (less than 1 hour) before it goes to the next 
higher flux level, and (c) Long-tem flux tests in which a MBR is operated for a 
longer period (several days/weeks) at a constant flux. In addition to the above 
methods, this section discusses the results obtained from another test carried out by 
having smaller flux step heights and prolonged step duration of 7 days.   
A significant number of studies (Andreottola and Gugliemi, 2001;  Bottino et al., 
2009; Bouchot et al., 2006; Defrance and Jaffrin, 1999; Guo et al., 2008; Fane et al., 
2002; Ndinisa et al., 2006; Torre et al., 2009; Pollice, et al., 2005) have been carried 
out to determine the critical flux in various types of MBR systems (lab, pilot and 
full-scale) with different types of membrane modules and wastewater (synthetic, 
municipal, industrial, etc.), sludge properties and operating conditions; outcomes of 
some of those studies are summarised in Table 3.1. This study evaluates the 
influence of different critical flux determination test methods and sludge 
environments on the value of critical flux for a laboratory-scale MBR system that 
was fed with synthetic wastewater.  
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Table 3.1 Summary of previous studies related to critical/ sub-critical flux in MBR operation 
# 
Test Method Membrane 
Characteristics 
Feed Type and 
Characteristics 
Operated Sludge 
Conditions 
Result Reference 
1 Flux step (Short-
term)  
Submerged tubular 
(0.2µm, 0.19m2) 
Synthetic and Real WW 4-12 g/L Critical flux around 10-12 and 15-19 L/m2/h 
(dP/dt=0.01kPa/min) for synthetic and real WW 
respectively. Little influence on critical flux when 
the MLSS varying from 4-8 g/L but significant 
impact when it increases to 12 g/L 
Le-Clech et al. (2003) 
2 Short and Long term 
tests 
Pilot plant  (PVDF 
hollow fibre, 0.04µm, 
69.6m2) 
Domestic WW (Total COD 
of 574.8±165.9 mg/L 
MLSS: 10±0.5 g/L Critical flux was between 30-31 L/m2/h for the 
aeration intensity of 0.5 Nm3/m2/h. Critical flux 
was 24.9 L/m2/h when the aeration intensity was 
reduced to 0.3 Nm3/m2/h  
Guglielmi et al. (2007a) 
3 Flux step method 
(30mins, 5 L/m2/h 
height and 
continuous suction) 
Pilot plant  (ZeeWeed® 
500C, 0.04µm, 60m2) 
Municipal WW  MLSS: 10-12 g/L Critical flux was around 30 L/m2/h Jiang et al. (2005) 
4 Long term tests Submerged hollow-fibre 
(Mitsubishi Rayon 
Polyethylene*, 0.4µm, 
0.2 m2) 
Synthetic WW (Chemical 
composition*)  
MLVSS/MLSS % 
from 74.3 – 82.3 
Sustainable time (tsust), which is similar to critical 
time (TMP started to increase rapidly with time) 
has a close correlation (r2 =0.995) with the ratio 
between MLVSS and MLSS   
Birima et al. (2009) 
5 Short-term test with 
1 hr step duration 
Alumina multi-tube 
(0.05µm, 0.24m2)  
COD loading rate: 3 g/day 
(type not given) 
MLVSS: 1.8 g/L Critical flux: 30 -  40 L/m2/h Ognier et al. (2002 and 2004) 
6 Short (30mins. 
5L/m2/h) and Long 
term tests 
Cross flow( Millipore 
PVDF 0.05µm)  
Fed with UASB treated 
effluent with COD of 
1050mg/L 
MLSS of UASB 
effluent: 300 – 550 
mg/L  
Short-term critical flux: 50 L/m2/h and critical time 
for long term operation at 30 L/m2/h flux: 360 hrs 
Cho and Fane (2002) 
7 Long-term tests PVDF (0.03µm, 
0.15m2) 
Synthetic WW having COD 
of 1575±100 mg/L 
6, 12 and 18 g/L Critical time decreases from 8 days to few hours 
when increasing the flux from 4 to 10 L/m2/h 
(dP/dt=0.0036kPa/min). Similar fouling rates for 
fluxes below 8 L/m2/h and 6 L/m2/h at 12 g/L and 
18 g/L respectively 
Brookes et al. (2006) 
WW - Wastewater 
“*” Similar to our study wastewater
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3.1.2 Materials and Methods 
3.1.2.1 Experimental Setup 
Figure 3.1 shows the laboratory-scale MBR system installed at the hydraulics 
laboratory at School of Engineering, James Cook University, Townsville, Australia. 
The reactors were made out of Perspex and the maximum hydraulic capacities of 
the feed tank and the MBR are 50 and 15L respectively. A hollow fibre 
polyethylene (PE) membrane module (pore size 0.4µm, effective area 0.2m
2
) was 
submerged in the MBR reactor. Air to the MBR was supplied from the central 
compressed air system via air regulators and valves, an air flow meter and 
perforated PVC manifold approximately with 20 holes (diameter around 1.5mm for 
providing coarse bubbling aeration) and installed at the base of the MBR. As a 
backup air supply, a portable compressor was also used. Peristaltic pumps were 
used to feed the MBR tank at a uniform feed rate and to pump out permeate (treated 
effluent) from the MBR through the membrane. A vacuum pressure gauge was 
fitted to measure TMP. Peristaltic pumps were connected to an electronically 
controlled timer to operate them intermittently (12 minutes “on” and 3 minutes 
“off”). One of these pumps was used when required for backwashing the membrane 
with treated water, which has very low turbidity.  
 
Figure 3.1 Process Flow Diagram (PFD) of the lab-scale MBR plant 
Table 3.2 shows the composition of the synthetic feed solution used to operate this 
lab-scale MBR during the studies and its COD concentration was maintained at 
around 700±50 mg/L.  
Activated sludge (approximately 8,000 mg/L) was brought from the Cleveland Bay 
Wastewater Purification Plant in Townsville and acclimatized in the MBR. This 
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MBR system had been operated for over 380 days, frequently adjusting influent 
feed rates and operating parameters to suit to the studies that were carried out. 
During these studies, dissolved oxygen (DO), pH and turbidity were measured 
using YSI DO 200 dissolve oxygen meter, WP-80 TPS pH and temperature meter 
and HACH 2100P turbidimeter respectively. 
Table 3.2 Composition of synthetic feed 
Chemical Component 
Concentration (mg/L) - ±5% 
Glucose (C6H12O6) 710 
Ammonium Acetate (CH3COONH4 ) 200 
NaHCO3  750  
NH4Cl   30 
KH2PO4   30 
K2HPO4   60 
MgSO4.7H2O   50 
CaCl2.2H2O   30 
NaCl   30 
Mixed liquor suspended solids (MLSS) concentration was analysed using the 
standard methods for the examination of water and wastewater (American Water 
Association, 21
st
 edition, 1985). COD measurements were carried out adopting 
Photometric method using Spectroquant COD cell test kits and Thermo-reactor TR-
320. EPS extraction was carried out using the method stated by Bin et al. (2008) 
with a slight modification. Initially, a 100ml of mixed liquor sample was allowed to 
settle for 45 minutes to 1 hour and the supernatant was removed. The settled 
sediment/sludge was then diluted with 40ml of distilled water and mixed in a 
mechanical shaker for 5 minutes at 150 rpm. Then the diluted sludge mixture was 
centrifuged at 8000 rpm for 10 minutes and the supernatant was collected, which is 
considered as soluble microbial products (SMP) or free EPS. Subsequent to that the 
remaining sludge was re-suspended with 40 mL of 0.1N NaOH solution allowing it 
to mix thoroughly in the same mechanical shaker at 150 rpm for 120 minutes before 
it was centrifuged again at 13,000 rpm for 15 minutes at 4
o
C. Finally, the 
supernatant (eEPS or bound EPS) was extracted. Both SMP and eEPS samples were 
neutralised separately with diluted HCl. SMP and eEPS Protein and Carbohydrate 
concentrations were determined by using Lowry method (Lowry et al., 1951) with 
bovine serum albumin as reference and Dubois et al. (1956) method with glucose as 
standards respectively. Diluted Sludge Volume Index (DSVI) was estimated by 
diluting the mixed liquor by four folds, allowing solids to settle for 30 minutes in a 
1L measuring cylinder. 
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Chemical cleaning of the membrane was carried out before each experiment as per 
the procedure stated by the manufacturer by immersing, bubbling and backwashing 
the membrane using 3g/L of NaOCl solution (SI #3.1). Permeate temperature was 
not fluctuated significantly (24±4 
o
C) during these experiments and therefore, the 
membrane flux was not adjusted for variations in temperature. The DO 
concentration was maintained around 2.0±0.5 mg/L (air flow rate around 10-15 
L/minute) throughout these studies (SI #3.2). Generally, sludge was not wasted 
intentionally, however occasionally, sludge overflowed due to rapid decline of 
membrane flux when the membrane was fouled and around 300-400mL of mixed 
liquor was taken weekly for analysis of MLSS and EPS. Considering the above 
conditions, sludge retention time (SRT) was estimated as 180 days. 
3.1.2.2 Experimental methods 
Common short-term flux-step method: Several short term critical flux 
determination experiments were carried out using the common flux step method, 
which was described by Le Clech et al. (2003). Flux step durations were taken as 20 
and 40 minutes. Flux step height was kept at 3 L/m
2
/h throughout these studies. The 
tests were carried out with and without intermittent permeate suction (Figure 3.2(a 
& b), Table 3.3). All of those four tests were carried out at two different MLSS 
concentration ranges (4-7 g/L and 7-10 g/L).  
Improved flux-step method: In this method each flux step is divided into two parts. 
One is higher flux reference (JH), which is increased and decreased at a constant 
flux step height during the ascending and descending phases respectively, and a 
lower flux reference (JL), which is maintained as a constant to allow the membrane 
to relax at that flux (Figure 3.2(c)).  In this study, JL was selected as 3 L/m
2
/h and 
the flux step height was maintained at 3 L/m
2
/h. Both higher and lower flux step 
durations were kept at 15 minutes (Table 3.3).  
Prolonged step duration method: This experiment was carried out at the early 
stages of MBR operation and during this study, the flux step duration was kept at 7 
days and the flux step height was maintained within the range of 1.2 to 1.5 L/m
2
/h 
in both ascending and descending phases. In this study, MBR was operated under 
intermittent suction (12 minutes “on” and 3 minutes “off”).  
104 
 
Long term tests to evaluate time required reaching critical flux: MBR was 
operated at two constant flux values (5.25 and 10.5 L/m
2
/h) for several weeks to 
determine the critical times experimentally. These time values were then compared 
with the critical times that were estimated from a mathematical model, which is 
described below.  
 
 
 
Figure 3.2 Typical flux profiles: (a) Common short-term flux-step method with continual 
permeate suction, (b) Common short-term flux-step method with intermittent permeate 
suction, (c) improved short-term flux-step method with relaxation phases 
3.1.2.3 Critical flux estimating Theory 
The flux through the membrane J (m3m-2s-1) can be related to the applied trans-
membrane pressure TMP (Pa), viscosity of the fluid  (Pa s) and the membrane 
resistance R (m
-1
) according to Darcy’s Law: 
 
R
TMP
J


          (3-1)  
 
pcnm RRRRR        (3-2) 
 
fm RRR          (3-3) 
 
Where, mR is the hydraulic resistance of the clean membrane, nR is the irreversible 
resistance due to fouling, cR is the membrane resistance due to cake or gel layer 
formed by concentration polarization (mainly in ultrafiltration), deposition of 
suspended solids, colloids and solutes, and pR is the membrane resistance due to 
pore blocking occurred by deposition of soluble and colloidal substances. fR is the 
(a) (b) (c) 
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sum of mR , nR  and pR  and depends on applied trans-membrane pressure and the 
system mass transfer properties. For microfiltration, the fouling by concentration 
polarization could be ignored due to the large size of particles retained in the reactor 
(Lim and Bai, 2003). 
During these short-term critical flux determination experiments, pressure of the 
mixed liquor in the reactor has to be kept constant and the TMP assumed to vary 
only with changes in permeate pressure due to fouling. For each flux step, three 
TMP values were recorded (initial TMP= iTMP , intermediate TMP= imTMP and final 
TMP=
fTMP ). Then the following parameters were estimated; 
 
Initial TMP increase, 
1
0
 nf
n
i TMPTMPTMP           (3-4) 
Rate of increase of TMP, 
n
i
n
f
n
i
n
f
tt
TMPTMP
dt
dTMP


     (3-5) 
Average TMP, 
2
n
i
n
f
ave
TMPTMP
TMP

      (3-6) 
 
In the above expressions, “ n ”, “ i ” and “ f ” are denoted the flux step number, 
initial and final observations made for each run, respectively.  
3.1.2.4 Estimation of Critical time in Long Term MBR operations 
In order to predict the critical time for a given permeate flow rate ( Q ), the 
mathematical model presented by Saroj et al. (2008) and Guglielmi et at. (2007a 
and b) was used. At steady state, permeate flow rate Q is a constant and the rate of 
reduction of effective area of the membrane is proportional to the mass of both free 
EPS (SMP) and bound EPS (eEPS) and therefore, 
)).(( QCQCk
dt
dA
bf         (3-7) 
Where, AJQ . and )(tJJ  and )(tAA  are variables presenting the 
instantaneous local flux and effective area respectively and k is a constant. 
fC and 
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bC are the concentrations of free and bound EPS respectively. The solution to the 
above equation will be of the form;  
  






JJQCkC
t
bf
111
0
       (3-8) 
 Where 0J  is the initial flux. The time ( ctt  ) at which the flux will become critical 
( cJJ  ) can be obtained by 







cbf
c
JJQCkC
t
111
0
       (3-9) 
In order to predict the critical time using the equation (3) above, cJ and k are 
required to be calibrated. To find cJ , short term common flux step method is used. 
To find k , both short term common flux step method and subcritical flux operation 
of the long term test are used. 
Short term critical flux determination test is used to find the change in TMP, r







dJ
TMPd )(
 from the linear relationship rJTMP     (3-10) 
Using the Equations (3-8) and (3-10), the following expression can be obtained, 
t
r
QCkC
TMPTMP
bf









0
11
       (3-11) 
Therefore, in the long-term subcritical flux operation, the slope of 
TMP
1
 against t  
is used to find k using Equation (3-11).  
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3.1.3 Results and Discussion 
3.1.3.1 Common short-term flux-step method 
Figure 3.3 shows the variation of TMP with time during the eight short-term critical 
flux determination tests with different operating conditions as shown in Table 3.3. 
Tests 1 through 4 have been done at a lower MLSS range (4<MLSS<7g/L), 
whereas Tests 6 through 9 have been carried out at higher MLSS concentration 
(7<MLSS<10g/L). When comparing tests with similar operating conditions, it is 
clear that the increase of TMP with time (Figure 3.3) was higher in tests conducted 
at higher MLSS than the tests carried out at lower MLSS.  As expected, Tests 2 and 
3, (which have 40 minutes flux step duration) took longer time than Tests 1 and 4 
(which have 20 minutes flux step duration)  to reach the upper limit of TMP 
(20kPa). Similar obsverations were made in tests carried out at higher MLSS 
concentrations.  
  
Figure 3.3 TMP variation with Time  
Further, for a given flux-step dutation (either 20 or 40 minutes), when the MBR was 
operated at continuous mode (Tests 2 and 4) the time taken to reach the upper limit 
of TMP (20kPa) was lower than that of when it was operated at intermittent mode 
(Tests 1 and 3; 12 minutes “on” and 3 minutes “off”) for 4<MLSS<7g/L. On the 
other hand, when 7<MLSS<10g/L, the time taken to reach the upper limit of TMP 
(20kPa) was lower when the MBR was operated at intermittent mode (Tests 6 and 
8).  
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This finding describes that at lower MLSS and intermittent mode with membrane 
relaxation is effective in controlling the fouling of membrane, but on other hand  
intermittent  mode with membrane relaxation (same aeration intensity with an air 
flow rate of 10-15L/min.) is not effective to remove the cake layer that is attached 
to the membrane, when the MBR is operated at higher MLSS range.   
Figure 3.4 demonstrates the relationship between 'TMP
dt
dTMP
  (kPa/min) and 
membrane flux (L/m
2
/h) for these common flux-step experiments and it can be seen 
that an abrupt change in 'TMP occurs at smaller flux values, when the MLSS is 
high. The maximum membrane fluxes recorded for 0'TMP  are 33, 24, 21, 15, 6, 
9, 9 and 12 L/m
2
/h during Tests 1, 2, 3, 4, 6, 7, 8 and 9. The 'TMP has increased at 
different trends with varying length of “transient phases” for the membrane fluxes 
beyond the fluxes recorded for 0'TMP . The length of transient phase is the flux 
interval between 0'TMP and the point at which the 'TMP increases rapidly. 
Therefore, it is not appropriate to take the critical flux as the flux corresponding to 
0'TMP . The flux should be considered as critical, where  the 0'TMP increases 
rapidly. This can be seen clearly, when comparing the 0'TMP  trends with 
membrane fluxes of Tests 2 and 4 in Figure 3.4. However, it is recommended to fix 
an appropriate value for 0'TMP  (which is greater than zero) to estimate the 
critical flux.  In this study, the critical flux was estimated as the flux corresponding 
to 035.0'TMP  kPa/min (Table 3.3) and 'TMP  value was estimated by observing 
the values of 'TMP for membrane flux that were used to develop Figure 3.4.  
 
Figure 3.4 'TMP variation with Time 
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TMP’ value should be selected by looking at the critical flux test results. This is an 
intelligent guess to determine the critical flux value of a given MBR system. 
Previous studies also have followed this method (Le Clech et al., 2003) and there is 
no fixed generalised TMP’ value for all MBR systems to estimate critical flux 
unless if we consider it as zero. 
At lower MLSS (Tests 1 through 4), the intermittent suction mode and shorter flux 
step durations gave larger critical flux values.  However, at higher MLSS (Tests 6 
through 9), both the mode of operation and the flux step duration did not affect the 
critical flux significantly. It can also be seen from Table 3.3 that the concentrations 
of SMP and eEPS at higher MLSS are significantly larger than the corresponding 
values obtained at lower MLSS.  This might have been influenced by the formation 
of cake layer differently at higher MLSS and fouling due to this cake layer could 
not be changed by the mode of operation and flux step durations.  
Once the TMP reached its maximum values as shown in Figure 3.5 during common 
short-term flux-step experiments, the membrane flux was reduced step-wise at same 
flux height of 3L/m
2
/h. However, the flux-step duration of the descending phase 
was limited to 5 minutes, until the TMP was initially stabilized. Initial TMP values 
of ascending and descending phases of these experiments were used to develop the 
“Hysterisis Loops” as shown in Figure 3.5, and they represent the attachment and 
detachment behaviour of the cake layer onto the surface of the membrane. The 
diffence in TMP for a given flux value (∆TMP), which is called as “Recovery 
Factor” (Guglielmi et at., 2007a and b), is a reasonable measure to indicate the 
ability of the membrane to restore its original flux. Therefore, when the hysterisis 
loops are narrow (small recovery factor), recovery of the membrane fouling is 
considered as quite satisfactory for this particular flux value. Table 3.3 shows the 
recovery factor values estimated at critical flux  (∆TMPcrit) of each test carried out 
at low and high MLSS ranges. It can be seen that the tests with shorter flux-step 
durations are less effective to restore its original flux during the descending phase. 
It is also noted that for intermittent suction modes and same flux-step durations, 
recovery factors are larger at high MLSS range (Tests 6 and 8) and smaller at low 
MLSS range (Tests 1 and 3). 
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Table 3.3 Short-term critical flux test results 
Parameter 
  Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 
Suction Mode  INT CTS INT CTS IMP INT CTS INT CTS 
Flux step duration (minutes)  20 40 40 20 15 20 20 40 40 
Flux Step Height (L/m2/h)  3 3 3 3 3 3 3 3 3 
Average MLSS (mg/L) 
 6111 6226 4805 5670 7475 7478 7478 10383 10383 
DSVI (mL/g-MLSS)  110 125 116 130 112 123 123 150 150 
Average SMP (Soluble EPS)/ (mg/L) Protein 7.82 20.58 18.65 8.67 30.32 138.53 138.53 146.70 146.70 
Carbohydrates 12.77 12.07 9.83 7.45 15.12 39.43 39.43 50.99 50.99 
Average eEPS (Bound EPS)/ (mg/L) 
Protein 462 627 721 765 650 913.09 913.09 959.64 959.64 
Carbohydrates 270 216 198 169 743 228.65 228.65 270.31 270.31 
Estimated Critical Flux (L/m2/h) – when 
dP/dt=TMP’>0.035kPa/min 
 48-51 30-33 36-39 36-39 15-18 15-18 15-18 12-15 12-15 
∆TMPcrit  5.00 7.50 4.25 8.25 - 16.25 6.75 8.00 3.25 
INT – Intermittent Permeate flux (12 mins "ON" and 03 mins "OFF) 
CTS – Continuous Permeate Flux 
IMP – 15 mins @ JH and 15 mins @ JL  
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In contrast, the recovery factors for tests with continuous suction and same flux-step 
durations, are smaller at high MLSS range (Tests 7 and 9) and high at low MLSS 
range (Tests 2 and 4). This finding explains that at lower MLSS, intermittent mode 
with membrane relaxation is effective in restoring the membrane (with respect to 
fouling), but on the other hand,  intermittent  mode with membrane relaxation is not 
effective at higher MLSS in restoring the membrane.   
 
Figure 3.5 Hysteresis loops for TMP variation with membrane flux 
The main objective of comparing critical flux results of different test methods 
carried out for lower MLSS is to check whether there is an influence for these 
results by changing the test method and not to compare the impact of sludge 
properties. 
3.1.3.2 Short-term improved flux-step method with regular relaxation phases 
Figure 3.6(a) shows the results obtained from short-term improved flux step method 
(Test 5) with regular relaxtion phases.  By introducing this relaxation step, the rate 
of fouling of membrane is expected to be maintained at a significantly lower value 
by allowing the membrane to recover from excessive fouling. However, the 'TMP
with time obtained for Test 5 (Figure 3.6(b)) was higher than those obtained for 
Tests 1 through 4 and similar to those obtained for Tests 6 through 9.  Further, Tests 
5, 6 and 7, which were operated at MLSS of 7475mg/L approximately, gave similar 
critical flux vlaues, although the mode of operations of those tests were different 
(Table 3.3). This implies that the MLSS plays an important role than the method of 
test that is used to determine the critical flux value in a MBR system.  
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TMP profiles for ascending and descending phases shown in Figure 3.6(a) are not 
symmetric, unlike the results obtained during the study carried out by Van der 
Marel et al. (2009). TMP trends obtained during the descending phase of each flux 
step of this study were not similar to the ones obtained during the ascending phase 
and this indicates that the membrane was not recovered fully from fouling during 
the descending phase. 
Figure 3.6(b) shows the average TMP variation (related to total fouling at JH and 
irreversible fouling at JL) with membrane flux.  
  
 
 
 
Figure 3.6 Improved short-term flux-step method (a) Flux and TMP variation with time and 
(b) Increase in TMP due to total and irreversible fouling of membrane 
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It can be seen that the TMP values related to total fouling increases exponentially, 
while the TMP values related to irreversible fouling increases linearly with a small 
gradient, with membrane flux. Further, 'TMP is very small for irreversible fouling 
up to 30 L/m
2
/h and therefore, it can be said that the critical irreversible fouling 
occurs when the flux is larger than 30L/m
2
/h.    
Although, Van der Marel et al. (2009) estimated the critical flux using a different 
method and they too computed the critical flux as the flux corresponding to 
01.0'TMP  kPa/min, which is closer to our value. They estimated the critical flux 
as 52 L/m
2
/h for their MBR consisting of a PVDF flat-sheet membrane fed with real 
municipal wastewater, whereas our results show it was around 15 L/m
2
/h for the 
MBR consisting of a PE membrane fed with synthetic wastewater (Table 3.2). The 
reasons for this discrepancy, was probably due to the differences in the membrane 
characteristics and their history (Wu et al., 2008), and different chemical 
composition and the behaviour of synthetic and real municipal wastewater (Le 
Clech et al., 2003).   
3.1.3.3 Flux step method with prolonged step duration 
Prolonged flux step duration test was carried out for 9 weeks to determine the 
critical flux, while providing intermittent permeate suction (12 minutes “on” and 3 
minutes “off”). The flux step duration of 7 days and flux step height of 1.2 to 1.5 
L/m
2
/h were maintained. TMP change was recorded and the outcome is shown in 
Figure 3.7(a). During this test, MLSS was measured regularly as the main sludge 
property and as shown in Figure 3.7(b), the MLSS concentration in the MBR 
increased steadily during the ascending phase and remained at a fairly stable 
concentration (around 20 g/L) during the descending phase of this study.  Similar to 
the short term experiments explained in sections 3.1.3.1 and 3.1.3.2, 'TMP  in terms 
of kPa/min was estimated to obtain the critical flux value. However, it was noted 
that 'TMP values in critical flux determination tests with prolonged duration, were 
very small (Figure 3.7(b)) compared to those of short-term flux-step tests. In short 
term experiments, very small increases in TMP cannot be read using ordinary 
vacuum pressure gauges due to their precision at lower fluxes, and usually those 
very small TMP readings are considered as zero. Therefore, in short term 
experiments, we estimate the critical flux values as very large fluxes, which may 
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not be very realistic for full-scale operations. Le Clech et al. (2003) also stated that 
their long term filtration trials featured much lower 'TMP values compared to those 
obtained during short-term tests. They concluded that the estimated critical flux  
levels obtained from short-tem flux step determination tests cannot be used to 
predict long-term TMP behaviour of real MBR systems.  
 
 
 
 
 
Figure 3.7 Prolonged flux-step test results (a) Flux and TMP variation with time and (b) MLSS 
and 'TMP variation with membrane flux 
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duration, the critical flux was estimated as 9 to 10.5 L/m
2
/h, where 'TMP  jumps 
from 0.1 to 0.28 kPa/day (from 0.00007 to 0.00020 kPa/min) as shown in Figure 
3.7(b). 
Although, this method gives more realistic values for critical flux, the main 
disadvantages are the difficulty in maintaining uniform sludge conditions through 
out the test and the risk of experiencing excessive fouling of membrane due to the 
long term operations without membrane cleaning.  
3.1.3.4 Long term tests to evaluate time required to reach critical flux 
Long term subcritical flux operation studies at different operating conditions were 
conducted to analyse the TMP trends and optimise the sustainable operation of 
MBR systems by minimizing the frequency of chemical cleaning of the membrane. 
Subsequent to the initial set of short-term tests (Tests 1 through 5), the lab-scale 
MBR was operated at 40 L/day (10.5 L/m
2
/h) with intermittent permeate suction 
(12 minutes “on” and 3 minutes “off”). This is referred to as the first long term test 
(LTT-1). Tests 6 through 9 followed the LTT-1, where the MBR was operated at 20 
L/day (5.1 L/m
2
/h) with same intermittent permeate suction. This period is referred 
to as the second long term test (LTT-2). TMP variation with time for these long 
term sub-critical flux MBR operations were plotted on the same graph and shown in 
Figure 3.8, and as shown in this figure, it can be seen that TMP increases steadily 
with time during the LTT-1 and it shows a sudden increase after 385 hours (16 days 
approximately). This time is referred as the critical time (numerically estimated 
critical times using the mathematical model explained in section 3.1.2.4 are 
illustrated in Table 3.4 and discussed in section 3.1.3.6).  On the other hand, during 
the LTT-2, TMP increases steadily for over 950 hours (40 days approximately), but 
a critical time is not seen where the TMP starts to increase abruptly. As the MBR 
was used for another experiment beyond this point, it was decided to consider the 
critical time of LTT-2 as over 950 hours.  Similar TMP (Cho and Fane, 2002; 
Jinsong et al., 2006; Guglielmi et at., 2007a and b; Ognier et al., 2004; Brookes et 
al., 2006; and Saroj et al., 2008) and membrane resistance trends (Yuan et al., 2010) 
over time were obtained during previous long-term studies and they found different 
critical times depending on the wastewater characteristics, sludge properties, 
operating conditions and membrane types/status of those studies.  
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Figure 3.8 TMP variation with time for long-term tests 
 
Table 3.4 Calibration data of the mathematical model and critical times (experimental) for 
long-term MBR subcritical operation 
Parameter 
Long Term 
Test - 1 
(May 2010) 
Long Term   
Test - 2 
(June/July 2010) 
Flow Rate (L/h) 2.10 1.05 
Average MLSS (mg/L) 8415 8450 
Initial Flux ( 0J )/ (L/m
2
/h) 10.50 5.25 
Critical Flux - cJ  ( (L/m
2
/h) 15 15 
Average SMP (free EPS = 
fC )/ (mg/L) 
105.60 162.56 
Average eEPS (bound EPS = bC )/ (mg/L) 
1374.58 951.85 
Rate of change in TMP with Flux,  r/ (kPa/(L/m
2
/h)) 0.350 0.519 
kCfCbQ/r for long term subcritical operation (1/(kPah) 1.95E-04 1.81E-04 
Coefficient of fouling propensity, k/ (m
2
h/g
2
) 2.24E-10 5.78E-10 
Critical Time using Equation (3)/ (hours) 418 1317 
Critical Time (Experimentally) / (hours) 385 >950* 
*not reached the critical time even after 950 hrs of operation (after that commence a new study) 
3.1.3.5 Other findings during Short-term critical flux determination tests 
In addition to the measurements related to the critical flux, the perfomance of the 
MBR was also evaluated. Figure 3.9 shows the concentration of chemical oxygen 
demand (COD) of the permate of the MBR during the short-term tests (Tests 1 
through 9).  It can be seen that permeate COD concentration is below 50 mg/L 
(above 90% COD removal) in almost every critical flux determination test up to a 
membrane flux of 18 L/m
2
/h. This shows that the MBR system removes over 90% 
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of COD for a  hydraulic retention time (HRT) of 4.5 to 5.0 hours and MLSS 
concentration of 5 to 10 g/L. On the other hand, Figure 3.9 shows a low permeate 
COD concentration during Tests 1 through 4 until the flux reaches up to a particular 
flux, and then it increses abruptly. In Test 1, up to a flux of 45 L/m
2
/h, permeate 
COD concentration  is recorded below 50 mg/L and beyond this flux, it increases 
rapidly. This behaviour is clearly visible in Tests 1 through 4 and the flux 
corresponding to this sudden increase of permeate COD concentration is very close 
to the the critical flux values of those tests. However, this trend is not seen for  the 
tests carried out at higher MLSS range (7 g/L < MLSS < 10 g/L) but it can be seen 
that the permeate COD concentration is maintained comparatively low during these 
studies except few occasions.  
 
Figure 3.9 Permeate COD concentration with membrane flux during the short-term critical 
flux determination tests 
EPS is considered as one of the main components of colloidal particles in MBR 
mixed liquor and sludge, and a critical parameter influencing fouling of membrane. 
Figure 3.10 shows a close relationship between Total EPS-CT (SMP+eEPS) and 
critical flux and it shows that the critical flux declines linearly with the increase of 
total EPS in MBR mixed liquor. An exponential trend is depicted for critical flux 
with SMP and this confirms that SMP-Cf influence more to foul the membranes.  
On the other hand, the critical flux declines linearly with the increase of total 
protein concentration in EPS-Cp as shown in Figure 3.10. However, critical flux and 
total carbohydrates in EPS did not show a resonable trend during this study. Similar 
results were found by Rosenberger and Kraume (2002) and Jinsong et al. (2006) 
and they stated that the sludge filterability and critical flux declines with the 
increase of soluble EPS instead of bound EPS in MBR. Figure 3.11 shows that 
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critical flux decreases with increase of MLSS, but a firm fit-in trend is not seen as 
other components of mixed liquor stated above. However, it is clear that critical 
flux decreases with MLSS (5 - 10 g/L) of MBR mixed liquor and this finding 
matches with the results obtained by Jinsong et al. (2006). 
 
Figure 3.10 Permeate COD concentration with membrane flux during the short-term critical 
flux determination tests 
The variation of critical flux with diluted sludge volume index (DSVI) did not show 
a firm trend (Table 3.3) and this can be seen by comparing the difference between 
the DSVI in Tests 6 & 7 and Test 8 & 9 with the slight difference of critical flux in 
these experiments.  
 
Figure 3.11 Variation of MLSS with critical flux 
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3.1.3.6 Numerical estimation of critical time in long-term MBR operation 
In this section, the mathematical model described in section 3.1.2.4 is used to 
compute the critical time of the long-term tests described in section 3.1.3.4. Then 
the numerically obtained results are compared with the critical time obtained 
experimentally. Saroj et al. (2008) and Guglielmi et at. (2007a and b) stated that a 
short-term flux step test should be carried out immediately before the long-term test 
that needs to be analysed numerically and we followed their suggestions in our 
study. The average calibration data values ( cJ and r ) shown in Table 3.4 were 
estimated using the short-term experiments carried out before and after the long 
term tests. The flow rate and initial flux ( Q and 0J respectively) of these long term 
tests are also shown in Table 3.4. Average free and bound EPS concentrations (
fC
and bC respectively) are also estimated by averaging the eEPS/SMP results obtained 
during these long-term experiments.  
Once the calibration parameters (Table 3.4) are found, Equation (3-9) was used to 
estimate the critical time for the above long-term tests. Numerically and 
experimentally found critical times for these long-term subcritical operations are 
also shown in Table 3.4 and the error (or the difference between these values) is not 
greater than 10%, which is similar to the results obtained by Guglielmi et al. 
(2007b). This confirms the suitability of the use of this mathematical model for 
finding the critical time for a given sub-critical flux operation numerically. 
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3.1.4 Results and Discussion on short-term critical flux experiments 
carried out before and after addition of Ametryn – in tropical 
climatic conditions 
Subsequent to the critical flux tests (Tests 1 through 9) described above, another set 
of short term experiments (Tests 10 through 13) using common flux step method 
were carried out after addition of Ametryn (characteristics of herbicide Ametryn, 
refer section 2.3 page 59) to the MBR system. These tests were carried out between 
week 1 and week 2 after addition of Ametryn. The results of these tests were 
compared with Tests 6 to 9 (Table 3.3) that were carried out before addition of 
Ametryn. The results that are presented and discussed in section 3.1.4 were 
published in a conference paper in December, 2010. The introduction and 
materials/methods of this paper are removed from this section, as the information 
described in the introduction, material/methods and theory sections above (sections 
3.1.1 and 3.1.2) is covered to represent the results presented in this section. 
3.1.4.1 Influential factors on critical flux        
Addition of Ametryn: 1 mg/L of Ametryn was added to the sysnthetic feed solution 
during these short-term experiments. Table 3.5 shows the results obtained for these 
eight short-term common flux step critical flux determination tests (Test 6 through 
13). In this case, critical flux values were estimated based on a different 'TMP  
value (0.075 kPa/min), as Tests 10 through 13 gave very small 'TMP  values. When 
comparing the critical flux values obtained from tests carried out before and after 
the introduction of Ametryn, it could be seen that there was a significant reduction 
(40-60%) of critical flux values in the tests carried out after introducing Ametryn.  
Figure 3.12 and 3.13 show the variations average TMP and the rate of fouling of 
membrane ( 'TMP ) with membrane flux for Tests 6 through 13. Trend curves 
presented in Figure 3.13 are used to estimate the critical flux values (Table 3.5) of 
each test. As mentioned previously, in this study the critical flux values were 
determined for the flux value corresponding to 075.0'TMP  kPa/min and from 
Table 3.5 it can be seen that the critical flux decreased significantly after the 
introduction of Ametryn irrespective of the type of test conducted. On the other 
hand, Figure 3.12 shows the average TMP variations with membrane flux during 
the short-term flux step tests that were carried out before and after introduction of 
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Ametryn to the MBR system. Field et al. (1995) defined two distinct forms of 
critical flux values namely strong and weak. The strong form is the flux at which 
the TMP starts to deviate (exponentially) from the clear water flux curve, which is 
linear as shown in Figure 3.12. On the other hand, the weak form is the flux that 
shows a significant fouling of membrane from the start-up of the filtration and 
therefore, the trend curves for TMP against flux of Tests 6 through 13 are above 
that of the clear water flux curve.  
 
Figure 3.12 Variation of average TMP with membrane flux 
 
   
Figure 3.13 Variation of 'TMP with membrane flux 
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Table 3.5 Operating conditions and results during critical flux determination tests 
Parameter  Before Ametryn After Ametryn 
  Test   6 Test 7 Test 8 Test   9 Test 10 Test 11 Test 12 Test 13 
Suction Mode  INT CTS INT CTS INT CTS INT CTS 
Flux step duration (minutes)  20     20 40 40 20 20 40 40 
Average MLSS (mg/L)  7478 7478 10383 10383 7962 7962 9195 9195 
DSVI (mL/g-MLSS)  123 123 150 150 156 156 126 126 
Average SMP (Soluble EPS)/ (mg/L) Protein 138.53 138.53 146.70 146.70 76.87 76.87 112.24 112.24 
Carbohydrates 39.43 39.43 50.99 50.99 64.59 64.59 77.66 77.66 
Average eEPS (Bound EPS)/ (mg/L) Protein 913.09 913.09 959.64 959.64 815.76 815.76 712.99 712.99 
Carbohydrates 228.65 228.65 270.31 270.31 210.87 210.87 253.69 253.69 
Estimated Critical Flux (L/m
2
/h) – when 
dP/dt (TMP’)>0.075kPa/min 
 15-18 18-21 15-18 15-18 9-12 6-9 9-12 6-9 
INT – Intermittent Permeate flux (12 minutes "ON" and 03 minutes "OFF) 
CTS – Continuous Permeate Flux 
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Intermittent suction (intermediate membrane relaxation): On the other hand, by 
observing the critical flux values obtained for Tests 10 through 13, the tests carried 
out with intermittent permeate suction (12 minutes “on” and 3 minutes “off”) show 
higher values of critical flux, compared to that of the tests carried out with 
continuous permeate suction mode. However, this pattern was not observed for 
Tests 6 through 9, probably due to the differences in the way the cake layer formed 
during the two different wastewater and MBR mixed liquor conditions before and 
after the addition of Ametryn.   
Presence of polymeric substances: The components of EPS (protein and 
carbohydrates of soluble EPS-SMP and bound EPS-eEPS) in mixed liquor of a 
MBR system is considered as the most influential organic substances that cause 
fouling of membrane. According to EPS results shown in Table 3.5, it can be seen 
that the concentrations of protein in SMP and bound EPS are less in Tests 10 
through 13 compared to that of Tests 6 through 9. This describes that this reduction 
of protein in SMP and bound EPS have not been contributed significantly to 
increase the critical flux values in this study. However, it can be seen that more 
concentration of carbohydrates in SMP (52 to 64%) for the tests, which were carried 
out after introducing Ametryn. It was found that the critical flux values are 
significantly smaller when Ametryn was introduced, compared to that of tests 
carried out before introducing Ametryn. Thus, concentration of carbohydrates in 
SMP of mixed liquor is the main organic foulant that could be causing the fouling 
of membrane.  
3.1.4.2 Fluctuations of MLSS and EPS concentrations due to addition of 
Ametryn to the MBR system   
Figure 3.14 shows the variation of the concentrations of MLSS and total EPS 
(soluble and bound EPS) of mixed liquor of the MBR during the first 29 days of 
operation after the introduction of Ametryn. During this period, MBR was operated 
at a flux of 5.1 L/m
2/h with intermittent permeate suction (12 minutes “on” and 3 
minutes “off”) and maintained very high sludge retention time (SRT) by without 
dispose sludge intentionally from the bioreactor. From Figure 3.14, it can be seen 
that the concentrations of MLSS and total EPS show opposite and different trends 
(total EPS increases, when MLSS decreases). This confirms that the concentration 
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of EPS does not fluctuate always with MLSS positively or negatively in MBR 
operation.  
  
Figure 3.14 Variation of MLSS and total EPS during first 29 days after introduction of 
Ametryn  
By analysing the results illustrated in Table 3.6, it can be seen that protein in eEPS 
is the only EPS component that has been increased after adding Ametryn to the 
system. However, this production of protein in eEPS is reduced after the day 7, but 
showed an increase of protein in SMP and carbohydrates of eEPS. However, this 
change in the production of EPS components during the day 7 and 14 has resulted 
to maintain the total EPS at a stable level.  
Table 3.6 Variation of Protein and Carbohydrates in SMP and eEPS from the day that 
Ametryn was introduced to the laboratory-scale MBR system 
Days elapsed from 
the introduction of 
Ametryn 
MLSS/ (mg/L) 
SMP (free EPS) eEPS (bound EPS0 
Protein (%) Carbohydrates (%) Protein/ (%) Carbohydrates (%) 
7 7962 -7.80 -11.46 26.66 -3.35 
14 9195 34.63 6.46 10.70 16.27 
29 9847 -18.29 -3.70 40.72 4.69 
Negative values indicate “reduced % of concentration” compared to that of the day Ametryn was introduced to the MBR system  
Subsequent to this period, it again showed a higher production of protein in eEPS 
and that contributes the total EPS in MBR to depict greater rate of increase as 
shown in Figure 3.14. These fluctuations of EPS components are not discussed in 
Tests 10&11 Tests 12&13 
Added 
Ametryn 
1 mg/L 
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this section further, as the impact of herbicides and pesticides such as Ametryn on 
the production of EPS in MBR systems is analysed and described in Chapter 4.         
3.1.4.3 Ametryn removal efficiency during short-term critical flux tests  
Figure 3.15 shows the variation of Ametryn removal percentage with membrane 
flux during the critical flux determination experiments carried out after the 
introduction of Ametryn to the synthetic feed of the laboratory-scale MBR system. 
Ametryn concentration in MBR influent and permeate was measured using High 
performance liquid chromatography (HPLC) analyser (more details in page 175) 
and the percentage of Ametryn removal declines exponentially with the increase in 
membrane flux. Tests 10 and 11, which were carried out with shorter flux-step 
duration (20 minutes) and lower MLSS (7962 mg/L), show a greater decrease in 
Ametryn removal with membrane flux compared to that of Tests 12 and 13, which 
had longer flux step duration of 40 minutes and higher MLSS (919 5mg/L). Further, 
both Tests 12 and 13 show higher removal of Ametryn (about 50 to 60% for the 
critical flux of those tests) compared to the removal observed in Tests 10 and 11. 
When comparing Tests 12 and 13, it can be observed that Test 12, which was 
operated under intermittent permeate suction mode, gives a better removal of 
Ametryn compared to Test 13, which was studied under continuous permeate 
suction mode at similar MLSS. This study is being continued to observe the 
improvement in the removal of Ametryn from the MBR system used in this study. 
  
Figure 3.15 Variation of Ametryn removal with membrane flix during short-term critical flux 
tests 
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3.1.5 Results and Discussion on short and long term critical flux 
experiments carried out before and after addition of Ametryn – in 
sub-tropical climate 
Subsequent to above short-term and long-term MBR studies, which were carried out 
in North Queensland (tropical environment) in Australia, another set of MBR 
experiments were carried out from May to December in 2011 (214 days) – Phase 2 
in a different climatic conditions (sub-tropical climate). In this occasion, activated 
sludge (approximately 6,000 mg/L) was brought in from the Anglesea Wastewater 
Treatment Plant in Geelong, Victoria and acclimatized in the MBR. As explained in 
section 3.2 below, the MBR sludge behaviour and the microorganism composition 
was different (consisting significant population of oligochaete worms) to that of the 
nature that was observed during the MBR operations in the tropical climatic 
conditions above (sections 3.1.1 to 3.1.4). Although this MBR system was operated 
at different temperatures, in order to maintain the consistency of the short-term 
critical flux experiments, special care was taken to maintain the mixed liquor 
(permeate) temperature at an uniform temperature range of 20 to 21 
o
C. Therefore, 
critical flux values were not adjusted for temperature using the expression 2-4 in 
Chapter 2. Most of the results presented in this section are not yet published 
anywhere. 
3.1.5.1 Influential factors on critical flux value   
Addition of Ametryn: During the Phase 2 MBR operation in 2011, a total number of 
ten short-term critical flux tests (Test 14 through 23) were carried out and Figure 
3.16 and Table 3.7 show the 'TMP  values with membrane flux and operating 
conditions/results for the short term critical flux tests (Test 14 through 23) 
respectively. The estimated critical flux values are also illustrated (eight out of these 
ten tests) in Table 3.10 of Section 3.2.3.2 of this chapter. 
Tests 14 and 15 were carried out before addition of Ametryn and Tests 16 and 17 
were carried out one to two weeks after addition of Ametryn. According to Figure 
3.16, it clearly shows that fouling propensity of the MBR system was higher in 
Tests 16 and 17 than those of in Tests14 and 15.  
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Table 3.7 Short-term critical flux test operating conditions and results 
Parameter  Test 14 Test 15 Test 16 Test 17 Test 18 Test 19 Test 20 Test 21 Test 22 Test 23 
Suction Mode  INT CTS INT CTS INT CTS INT  CTS INT CTS 
Ametryn concentration* in feed (mg/L)  0 0 1 1 2 2 0 0 0 0 
Average MLSS (mg/L)  5450 4992 6205 5285 7703 7005 7880 8125 5445 5482 
Average MLVSS (mg/L)  4790 4475 5890 4790 7375 6680 7548 7715 5213 5098 
Average floc size (µm)  DNM DNM 74 68 232 226 156 148 53 49 
DSVI (mL/g-MLSS)  37 32 26 30 374 394 142 140 109 113 
Average SMP (Soluble EPS)/ (mg/L) Protein 17.75 12.95 41.21 53.24 35.01 36.83 72.32 71.87 47.32 52.64 
Carbohydrates 23.25 25.21 40.77 53.42 3.64 3.41 11.91 10.42 54.23 61.92 
Average eEPS (Bound EPS)/ (mg/L) 
Protein 2112 1935 2111 2135 2049 2008 2586 2520 1380 1482 
Carbohydrates 265 310 388 376 273 252 387 388 173 183 
Estimated Critical Flux (L/m2/h) – when 
dP/dt=TMP’>0.035kPa/min 
 12 9 6-9 6-9 33 27 18 12 6-9 3-6 
INT – Intermittent Permeate flux (12 mins "ON" and 03 mins "OFF) 
CTS – Continuous Permeate Flux 
DNM – Did not measure 
Flux step duration was 20 minutes and flux step height was 3 L/m2/h for all tests 
Ametryn concentration in fresh feed solution (before decay) 
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Figure 3.16 Variation of d(TMP)/dt with membrane flux during short-term critical flux tests 
When comparing the critical flux values of these two sets of critical flux tests, it 
could be seen that there was a significant reduction (30 to 50%) in the tests carried 
out after introducing Ametryn (1 mg/L). Similar reduction was also seen during our 
previous study (Phase 1 in section 3.1.4). This finding therefore, confirms that the 
fouling of membrane in a MBR system increases after addition of Ametryn, which 
could be toxic to the microorganisms in the bioreactor. Subsequent to four to five 
weeks after performing Tests 16 and 17, Tests 18 and 19 were carried out and found 
that the critical flux values were very high (33 and 27 L/m2/h for intermittent and 
continuous operations respectively) indicating very low rate of fouling of 
membrane. This was an increase of the critical flux values by 3 to 4 times and this 
kind of a high critical flux values were also obtained in past (Phase 1 in section 
3.1.3.1). This very low fouling trend of the MBR system was also demonstrated 
during the long-term experiments, which are explained in section 3.2 below. 
However, during this period, 2 mg/L of Ametryn was fed to the MBR system, but 
MBR sludge showed very healthy and high rate of filterability. This nature of 
behaviour of a biological treatment system treating a toxic substance such a 
Ametryn implies that the unstable behaviour of a bioreactor due to addition of a 
toxic substance remains for a certain period (we defined this time period as the 
“transition period” in Chapter 5), and then the system recovers (acclimatises) and 
shows a stable behaviour. However, this transition time (unstable period) depends 
on the type of toxic matter, its concentration and the composition microbial 
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community in the bioreactor. Tests 20 and 21 were carried out after about two 
weeks stop feeding Ametryn to the MBR system. Before that MBR was fed with 
Ametryn at a concentration of 4 mg/L for 6 weeks (section 3.2 and Figure 3.25). 
Critical flux values obtained for Tests 20 and 21 are 18 and 12 L/m
2
/h respectively. 
Although these critical flux values are smaller than the critical flux values of Tests 
18 and 19, the MBR system showed a sustainable long-term operation (section 
3.2.3.1) as they were not small as the critical values obtained for Tests 14 through 
17. Up to this point, the MBR system was operated at a constant suction flow rate of 
17 mL/min (20 L/day, with intermittent suction mode – 12 minutes ON and 03 
minutes OFF) with an organic loading rate of 1.08 to 1.28 g-COD/L/day and 
beyond this, the suction rate was reduced to 10 mL/min with an organic loading rate 
of 0.62 g-COD/L/day. The MBR system was then operated continuously for another 
four weeks before the system was shutdown. During this period, MBR mixed liquor 
turned into blackish colour and showed very poor filterability probably due to low 
organic loading rate. Before terminating the system another two short-term common 
flux step tests (Tests 22 and 23) were carried out and found that the critical flux 
values were very small (Table 3.7). 
MLSS concentration and mode of operation: As indicated in Table 3.7, all these 
ten short-term tests were carried out at MLSS concentration of 4.5 to 8.2 g/L. The 
critical flux values obtained during the short-tem tests with intermittent suction 
operation (Tests 14, 16, 18, 20 and 22) showed higher than those of received from 
the tests with continuous operation (Tests 15, 17, 19, 21 and 23). Similar pattern of 
results were found during Phase 1 operations as well (sections 3.1.3 and 3.1.4) and 
this confirms that intermittent suction mode of short-term critical flux tests carried 
out at MLSS of 4.5 to 8.2 g/L give higher values. This tells that intermediate 
relaxation is an effective mode of controlling fouling of membrane in MBR systems 
operating at MLSS of 4.5 to 8.2 g/L. However in this occasion, MLSS 
concentration did not show a close correlation with critical flux values obtained 
from these short-term experiments.  
Sludge settleability and DSVI: Unlike in previous occasions (Phase 1), during this 
MBR operation (May-December 2011 at a sub-tropical climatic conditions under 
controlled and uncontrolled temperature 10-25
o
C) oligochaete worms (Aeolosoma 
hemprichi) were present at different numbers (will be discussed in detail in Section 
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3.2) in MBR mixed liquor. Therefore, MBR sludge behaved different to the 
previous times and found that DSVI (mL/g-MLSS) and floc size of mixed liquor 
played significant roles in controlling fouling of membrane at different stages of 
operations. Figure 3.17 shows the variation of DSVI and average floc size of mixed 
liquor with critical flux value (CFV). 
 
Figure 3.17 Correlation of floc size and DSVI of MBR mixed liquor with CFV 
According to the above figure, DSVI and average floc size of MBR mixed liquor 
give reasonable correlations (r
2
=0.812 and r
2
=0.927 respectively) with CFV. These 
patterns were very prominent especially when oligochaete worms were present in 
MBR mixed liquor.     
Presence of polymeric substances: As shown in Table 3.7, Protein and 
carbohydrate concentrations of SMP at the time of short-term critical flux tests that 
were carried out after addition of Ametryn were over 300% and 100% more than 
those of SMP at the time of short-term critical flux tests that were carried out before 
addition of Ametryn respectively.  Although this kind of an increase was not shown 
in the protein concentration of eEPS (bound EPS), up to a 50% of increase in 
concentration of carbohydrates in eEPS could be observed during the Tests 16 and 
17 compared to that of Tests 14 and 15. This nature of an increase in polymeric 
substances (SMP and eEPS) was also found in our earlier MBR operation and 
therefore, it could confirm that addition of a persistent and a toxic substance into a 
bioreactor increases the production of polymeric substances (in early stages) such 
as proteins and carbohydrates. This may be due to the impact and changes of the 
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functions of microorganisms (inhibition) in mixed liquor of the MBR system due to 
addition of Ametryn. However as indicated in Table 3.7, increase the dosage of 
Ametryn further (up to 2 mg/L) did not increase the production of any of the 
components of EPS. This indicates that the microorganisms in the bioreactor were 
acclimatised to the sludge environment consisting Ametryn.  It was found that EPS 
concentrations were fluctuated irrespective to the Ametryn concentrations fed into 
the bioreactor throughout the whole MBR operation. By observing the overall EPS 
results shown in Table 3.7, it could be found that the increase in SMP is more 
significant than the increase of amount of eEPS, which closely fluctuates with the 
concentration of MLSS, as the biomass concentration was increased by 10 to 15% 
during the times of these two sets of studies. 
The variations of concentrations of protein and carbohydrates of SMP with CFV are 
depicted in Figures 3.18 and 3.19 respectively. As shown in Figure 3.18, it was 
found that carbohydrate concentration in SMP reduces with the increase of CFV 
exponentially (r
2
=0.885). However, protein in SMP did not show a trend with the 
change in CFV of the MBR system. By showing a better correlation between 
carbohydrates in SMP and CFV confirms that it influences the fouling of membrane 
of the MBR treating Ametryn significantly.  
 
Figure 3.18 Variation of concentrations of Protein and Carbohydrates of SMP with CFV 
In another study by Delgado, et al. (2010) on evaluating the effect of cytostatic 
drugs on the sludge and on the mixed liquor characteristics of a cross-flow 
membrane bioreactor found that the fouling potential was linked more closely to 
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polysaccharides than other components of EPS. Therefore, this finding is 
strengthened our previous conclusion stated in section 3.1.4.1. However, as shown 
in Figure 3.19, both protein and carbohydrates in bound EPS were not shown trends 
with CFV.  
It was also found that the concentrations of protein and carbohydrates of SMP and 
eEPS in MBR mixed liquor at the times of Tests 1 through 13 (Table 3.3 and 3.5) 
were significantly lower than those of Tests 14 through 23 (Table 3.7). This shows 
that dissimilar sludge conditions (microbial composition, etc.) and operating 
conditions (temperature, etc.) produce EPS with different ratios of proteins and 
carbohydrates.          
 
Figure 3.19 Variation of concentrations of Protein and Carbohydrates of eEPS with CFV 
3.1.5.2 Relationship between COD removal and critical flux value  
Figure 3.20 depicts the removal of COD during short-term critical flux tests (Tests 
18 and 19) and it was clearly found that COD removal was started to decline around 
the time that the flux reaches its critical flux. As the other critical flux tests were 
limited to a shorter period, this kind of a clear trend of COD was not seen. 
However, the removal of COD was very high (over 90%) in all short-term 
experiments except in Test 14 (70 to 80%). Similar observation was noted during 
the previous short-term studies too and discussed in section 3.1.3.5.  
In addition to above, Ametryn removal was also evaluated during these short-term 
experiments (Figure 3.21) and found that Ametryn removal decreased exponentially 
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with membrane flux. Similar results were also obtained during our previous 
experiments and illustrated in Section 3.1.3.5. 
 
Figure 3.20 Removal of COD during short-term experiments 
3.1.5.3 Removal of Ametryn during short-term experiments 
The decreasing trend of removal of Ametryn with CFV shown in Figure 3.21 is 
possible as the hydraulic retention time of the MBR system is reduced when the 
membrane flux is increased.  
 
Figure 3.21 Removal of Ametryn during short-term experiments 
During the Tests 18 and 19, it was found that the MBR system was produced higher 
Ametryn removal efficiency (over 80%) up to a flux of 21 L/m
2
/h (HRT – 4 hours 
y16 = 104.5e
-0.01x 
R² = 0.772 
y18 = 131.7e
-0.07x 
R² = 0.898 
y17 = 124.1e
-0.02x 
R² = 0.858 
y19 = 127.3e
-0.02x 
R² = 0.923 
0
20
40
60
80
100
0 10 20 30 40 50
A
m
et
ry
n
 r
e
m
o
v
a
l 
(%
) 
Membrane Flux (L/m2/h) 
Test 16
Test 17
Test 18
Test 19
134 
 
approximately). However, this kind of a high removal of Ametryn was not seen 
when the MBR system was operating continuously.      
3.1.5.4 Comparison of numerically estimated and experimentally measured 
critical times of long-term MBR operations  
Numerically estimated critical times for several long-term MBR operations 
subsequent to the operations LTT-1 and LTT-2 (already explained and discussed in 
detail in sections 3.1.3.4 and 3.1.3.6) using the mathematical model stated in 
section 3.1.2.4 are illustrated in Table 3.8. Full summary (similar to the details 
mentioned in Table 3.4) of results pertaining to critical time evaluation for all these 
long-term experiments are included in SI #3.3 (supplementary information 
attached) of the Thesis document. Long-term MBR experiments LTT-3 and LTT-4 
were carried out in Phase 1 - July to August 2010 (subsequent to LTT-1 and LTT-2) 
after addition of Ametryn (during transition period of 40 days defined in Chapter 
6). LTT-5 and LTT-6 were carried out in Phase 2 - June to July 2011 before 
addition of Ametryn. LTT-7 and LTT-8 were carried out during the transition 
period after addition of Ametryn and then the long-term MBR operations LTT-9 
and LTT-10 were carried out after this transition period. By going through the 
numerical and measured results for the evaluation of critical times for long-term 
experiments, it could be seen that the mathematical model described in section 
3.1.2.4 was applicable for both MBR operations with and without Ametryn. 
However, the numerically estimated critical times always were high (about 10 to 
15%) than the measured (experimentally observed) critical times. 
However, preferably the numerically estimated critical time should be smaller than 
the actual critical time of the system. Then it could have been used more effectively 
for planning and scheduling the time that the membrane needs to be chemically 
cleaned. Therefore, the model could be improved further to develop for scheduling 
membrane cleaning of MBR systems. During LTT-9 and LTT-10, the MBR system 
showed very sustainable operations demonstrating less or no fouling of membrane. 
However, the system was disturbed (temporary discontinued for short period for 
membrane cleaning) during these operations due to the reasons mentioned in Table 
3.8 (see Table footnotes). 
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Table 3.8 Critical times estimated using the mathematical model and measured for long term 
experiments (Full details in SI #3.3) 
Parameter LTT-3 LTT-4 LTT-5 LTT-6 LTT-7 LTT-8 LTT-9 LTT-10 
Critical Time using 
Equation (3-9) ct  
(hrs.) 
233 267 479 41 120 165 3111 1591 
Experimental 
critical time t (hrs.) 
168 240 425 38 96 150 590
1
 984
2
 
ct
t
 0.72 0.90 0.89 0.93 0.80 0.90 NA NA 
NA – Not applicable 
1 MBR system initially showed a smooth continual operation, but the membrane was started to foul very rapidly at this time and also showed a pink colour 
permeate 
2 MBR operation was stopped for Critical flux tests and the membrane was washed chemically 
LTT-1 and LTT-2 results are illustrated in Table 3.4  
It was also found that the mathematical model was not very sensitive to SMP and 
eEPS concentrations of mixed liquor. However, the model was very sensitive to 
TMP variations of short and long-term experiments that were used for finding r  
and 
r
QCkC bf
values respectively (see supplementary information attached – SI 
#3.3, Page S7 to S10).  
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3.2 Influence of Aeolosoma hemprichi on operating 
performance of a submerged membrane bioreactor treating 
Ametryn 
3.2.1 Introduction 
Large quantities of industrial chemicals, herbicides and pesticides, which are mostly 
persistent, bio-accumulative and toxic and as such considered to be persistent 
organic pollutants (POPs), are discharged in different ways (Navaratna et al., 2010) 
to the environment continuously. It was recently found that persistence of such 
toxic organic micro-pollutants in waterways and aquatic systems is a severe threat 
to humans, ecosystems and all life forms. Therefore, the interests in research to find 
effective ways to remove or reduce these micro-pollutants from water discharges 
continue to increase.  
Ametryn (IUPAC name: 2-ethylamino-4-isopropylamino-6-methyl-thio-s-triazine) 
is a Photosystem II herbicide that is commonly used to control pre and post 
emergence of broadleaf and grass weeds in farmlands. The environmental 
protection agency (EPA) has classified Ametryn (C9H17N5S - molecular weight of 
227.33 g/mol) as a Class III herbicide and it is moderately toxic to fish, large 
mammals and humans, but highly toxic to crustaceans and molluscs (Hurley et al., 
1998). Ametryn shows a relatively higher solubility in water (185 mg/L) compared 
to other common herbicides such as Atrazine and Diuron, and it dissolves readily in 
solvents such as acetone and methanol. 
Membrane bioreactor (MBR) technology is one of the most efficient 
domestic/industrial wastewater treatment and reuse technologies in the present 
world. According to BCC report – MST047C (March 2011) highlights, market 
value of MBR was estimated at $337 million in 2010; the global MBR market is 
rising at a compound annual growth rate (CAGR) of 13.2% and is expected to reach 
$627 million by 2015. As MBR has shown its maturity in the treatment and reuse of 
domestic wastewater and most of the industrial wastewater by now, this technology 
has now been researched extensively for the effluents consisting POPs and other 
micro-pollutants that are difficult to remove from other conventional wastewater 
treatment processes. During the recent past, MBR has been researched for 
moderately persistent substances such as pharmaceutically active compounds 
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(Avella et al., 2010; Quintana et al., 2005; Cirja et al., 2007; Nghiem et al., 2009), 
surfactants, industrial chemicals (Tadkaew et al., 2010) and micro-pollutants 
(Wever et al., 2007; Katsou et al., 2011). However, the research work carried out so 
far to evaluate the performance of MBR treating highly persistent POPs such as 
pesticides and herbicides is little.  
Most of the MBR researchers still believe that the fouling of membrane as the most 
significant drawback in operation of MBR systems. Therefore, they continue their 
MBR research work focusing the trends and factors of fouling of membrane under 
different types of membranes, substrate compositions, sludge environments and 
hydrodynamic conditions (Meng et al., 2009; Drews A., 2010). Depending on the 
feed wastewater composition and operating conditions, MBR mixed liquor (sludge 
or collection of substances in substrate, microorganisms and compounds they 
secrete during their metabolism and life cycle) in the bioreactor changes its 
behaviour in a very complex manner and impact on fouling of membrane 
differently. Composition of microorganisms in MBR sludge changes in a complex 
way mainly due to the nature of sludge used for acclimatization of the bioreactor 
and operating conditions, and this paper discusses the performance of a lab-scale 
submerged MBR system treating Ametryn (feed concentrations 1 to 4 mg/L) when 
oligochaete worms (Aeolosoma hemprichi) are present in mixed liquor.  
Similar to activated sludge process (ASP), biochemical process in aerobic MBR is 
performed by a variable and mixed community of microorganisms such as 
heterotrophic and autotrophic bacteria, protozoa and metazoan. Protozoa (ciliates – 
free-swimming, crawling and sessile, flagellates, amoeba and heliozoan) present 
<1% of the total dry-weight of activated sludge and 70% of protozoa are ciliates 
(Wei et al., 2003a). Metazoans are larger organisms such as nematodes, rotifers and 
oligochaete worms that are found in activated sludge especially at longer sludge 
return times (SRTs). Therefore, the possibility of existence of metazoan in MBR 
sludge is higher than that of in ASP. 
A significant number of research studies have been carried out in the past to study 
the sludge reduction potential of activated sludge by inducing metazoan, especially 
different types of oligochaete worms (Wei et al., 2003a and b; Wei et al., 2009a and 
b; Hendrickx et al., 2009a and b; Hendrickx et al., 2010 and 2011; Ratsak and 
Verkuijlen, 2006; Ratsak C. H., 2001; Liang et al., 2006a and b; Song and Chen, 
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2009; Wang et al., 2011: Tamis et al., 2011; Menniti and Morgenroth, 2010; Guo et 
al., 2007). As shown in Figure 3.22, the main types of worms present in activated 
sludge are Naididae, Aeolosomatidae and Tubificidae (Wei et al., 2003b). Naididae 
and Aeolosomatidae are free swimming worms whereas Tubificidae are sessile 
worms. Most of these research studies were focused on sludge reduction through 
predation in ASPs as excess sludge handling in ASPs is becoming very expensive 
compared to its overall operational costs (Liang et al., 2006a and b). On the other 
hand, several studies indicated that aquatic worms were observed in MBR systems. 
Menniti and Morgenroth (2010) studied the aeration intensity on predation (when 
Aeolosoma hemprichi are present) and EPS production in MBRs and Wang et al. 
(2011) studied the sludge reduction and process performance of a MBR with 
aquatic worms (Aeolosoma hemprichi).  
        
 
Figure 3.22 Images of different worm types found in activated sludge: (a) Naididae (Source: 
Soil & Water Conservation Society of Metro Halifax) (b) Tubificidae (Source: Animal and 
Earth) (c) Aeolosomatidae - - Aeolosoma hemprichi (Source: Microscopic picture of our MBR 
Sludge)   
As MBR systems operate at higher biomass concentrations with low biomass yield, 
excess sludge production is comparatively less than ASPs. However, operating at 
very long SRTs and very high MLSS concentrations (over 10 g/L) reduces the 
sustainability of economical operation of MBRs and therefore, a balanced 
biological predation would be a solution for better operation. This will also avoid 
any possible contamination due to discharge of excess sludge from MBR systems, 
especially with toxic substances such as Ametryn (Ametryn is fairly hydrophobic 
and there is a significant portion of removal by adsorption on to MBR sludge).  
Predation is influenced by floc structure and the role of predation in MBRs is 
therefore expected to be different from that in ASPs (Menniti and Morgenroth, 
2010). The growth of protozoa and metazoan is favourable when biomass consists 
with small floc size and dispersed bacteria (Ratsak et al., 1996). Since submerged 
MBRs operate under long SRTs and higher intensity of aeration (including 
(a) (b) (c) 
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scouring), the possibility to generate biomass with smaller flocs and large numbers 
of dispersed microorganisms is higher than ASP (Menniti and Morgenroth, 2010). 
However, this conversion of biomass composition and behaviour could negatively 
impact on MBR systems by increasing the production of extra-cellular polymeric 
substances (EPS), which are considered as the substances that cause fouling of 
membrane, as the biomass separation of MBRs depends on membrane filtration. 
In this study, a laboratory-scale MBR was operated under sub-tropical climatic 
conditions (15 to 22 
o
C) to evaluate the treatment performance of Ametryn (a 
moderately toxic herbicide; Navaratna et al., 2010; Navaratna et al., 2012b) and 
operating performance (mainly fouling of membrane) due to the changes of 
properties of sludge/mixed liquor. During this study, it was found that oligochaete 
worms with orange and red glands (Aeolosoma hemprichi) were present in the 
bioreactor and sludge properties were changed significantly compared to our 
previous studies. This paper mainly explains the degree of influence of these worms 
on the biomass concentration in the bioreactor, the presence of small flocs and 
dispersed bacteria, settling properties of sludge, turbidity of settled sludge and the 
production of EPS and the overall impact on operating performance of the 
laboratory-scale MBR due to these changes in sludge properties.  
3.2.2 Materials and Methods 
3.2.2.1 Experimental setup 
MBR data and results presented in this paper were obtained from the laboratory-
scale MBR system shown in Figure 3.23. The hydraulic capacities of the feed tank 
and the MBR were 40 L and 13 L respectively. A hollow fibre polyethylene (PE) 
membrane module (pore size 0.4 µm, effective area 0.2 m
2
) was submerged in the 
MBR reactor. An image of the cleaned membrane module is shown in Figure 
3.24(a). A central air compressor was used to supply air to the MBR for aeration 
and membrane scouring. This system consists of air regulators and valves, an air 
flow meter and perforated PVC manifold approximately with 20 holes (diameter 
from 1mm to 1.5 mm), which was installed at the base of the MBR. A standby 
portable air compressor was also used for emergency situations. Peristaltic pumps 
were used to feed the bioreactor at a uniform feed rate and to pump out permeate 
(treated effluent) from the bioreactor through the membrane. A vacuum pressure 
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gauge was fitted to measure trans-membrane pressure (TMP). Peristaltic pumps 
were connected to an electronically controlled timer to operate them intermittently 
(12 minutes “on” and 3 minutes “off”). One of these pumps was used when required 
for backwashing the membrane with treated water, which has very low turbidity. 
MBR effluent was sent through an UV disinfection unit (UVS Ultra Violet Pty Ltd, 
Australia) and a granular activated carbon - GAC (HAYCOAL GI 1000 12/30 – 
supplied by Haycarb Limited, Sri Lanka) filter. 
Activated sludge (approximately 6,000 mg/L) was brought in May 2011 from the 
Anglesea Wastewater Treatment Plant in Geelong, Victoria and acclimatized in the 
MBR. Synthetic wastewater was fed to the MBR system during continual 
operations and consists of Glucose (C6H12O6 – 710 mg/L), Ammonium acetate 
(CH3COONH4 – 200 mg/L), Sodium hydrogen carbonate (NaHCO3 – 750 mg/L), 
Ammonium chloride (NH4Cl – 30 mg/L), Potassium di-hydrogen phosphate 
(KH2PO4 – 30 mg/L), Potassium hydrogen phosphate (K2HPO4 – 60 mg/L), 
Magnesium sulphate (MgSO4.7H2O – 50 mg/L), Calcium chloride (CaCl2.2H2O – 
30 mg/L) and Sodium chloride (NaCl – 30 mg/L). In addition to these chemical 
compounds, a dose of Ametryn was added (1 mg/L – 4 mg/L) as indicated in Figure 
3.25 to synthetic wastewater. In order to prepare Ametryn stock solution, a 
precisely measured quantity of Ametryn was dissolved in methanol, mixed with 
distilled water and then methanol was evaporated using a rotary evaporator (Buchi 
Rotavapor R-200). COD concentration of synthetic feed wastewater was maintained 
around 700±50 mg/L. 
The membrane module was cleaned chemically either when the membrane was 
severely fouled (Figure 3.24b) or before the commencement of a new short or long 
term study.  Chemical cleaning of the membrane was carried out as per the 
procedure stated by the manufacturer by immersing, bubbling and backwashing the 
membrane using 3 g/L of NaOCl solution.  
Permeate temperature was adjusted by installing a thermostat in the MBR and 
maintained different MBR mixed liquor temperatures as stated in Table 3.9. 
Dissolved oxygen (DO) concentration of mixed liquor in the bioreactor was 
maintained around 3.5±1.0 mg/L (air flow rate varied between 10L/minute and 25 
L/minute). Generally, sludge was not wasted intentionally. However, occasionally, 
sludge overflowed due to rapid decline of membrane flux when the membrane was 
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fouled severely. Further, around 300-500mL of mixed liquor was used weekly for 
analysis of DSVI, MLSS/MLVSS, EPS and other sludge related investigations. 
Considering the average sludge usage, the sludge retention time (SRT) was 
estimated and it was around 200 days. 
 
Figure 3.23 Experimental setup 
 
         
 
Figure 3.24 (a) Image of the cleaned membrane; (b) Image of the fouled membrane 
3.2.2.2 Experimental Methods 
MBR system, which is explained in the above section, was continuously operated 
for over 180 days at different Ametryn concentrations and hydrodynamic 
conditions. During these studies, dissolved oxygen (DO), pH and turbidity were 
measured using WTW OXI 330/SET dissolve oxygen meter, WTW pH 315i/SET 
pH and temperature meter and HACH 2100P turbidimeter respectively. Biomass 
concentration in terms of mixed liquor suspended solid (MLSS) and mixed liquor 
volatile suspended solid (MLVSS) concentrations were analysed using the standard 
methods for the examination of water and wastewater (American Water 
(a) (b) 
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Association, 21
st
 edition, 1985). COD measurements were carried out adopting 
Photometric method using MERCK Spectroquant COD cell test kits and a Thermo-
reactor. Extraction of free extracellular polymeric substances (soluble microbial 
products - SMP) and bound extracellular polymeric substances (eEPS) were carried 
out using the same method stated in Navaratna and Jegatheesan (2011). Protein and 
Carbohydrate concentrations of SMP and eEPS were determined by using Lowry 
method (Lowry et al., 1951) with bovine serum albumin as reference and Dubois et 
al. (1956) method with glucose as standards respectively. UV absorbance at 222 nm 
and 254 nm was measured for MBR, UV disinfected and GAC effluents. High 
performance liquid chromatography (HPLC) analysis was carried out to determine 
the concentrations of Ametryn in influent and effluent samples. In addition to above 
measurements, the following laboratory investigations were performed. 
Sludge settling: Diluted Sludge Volume Index (DSVI) was estimated by diluting 
the mixed liquor by four folds, allowing solids to settle for 30 minutes in a 1L 
measuring cylinder. This experiment was extended up to 270 minutes and recorded 
sludge settling trend at 30 minute intervals. After 270 minutes of sludge settling, 
supernatant was decanted and turbidity, pH, temperature and other important 
parameters were measured. Further, a sample of supernatant for analysis of COD, 
UV, HPLC, etc., was preserved at 4 
o
C. 
Fourier transform infrared (FTIR) spectroscopy analysis: FTIR spectra of mixed 
liquor and bound EPS (eEPS) samples were produced using a Bruker Alpha-P FTIR 
spectrophotometer, equipped with a Diamond ATR detector and OPUS Mentor 
operating software. For the preparation of FTIR samples, 100 mL of mixed liquor, 
eEPS and sludge attached to the membrane samples were placed in an oven at 105 
o
C for 24 hours and ground them to form fine powder.  
Particle size distribution (PSD) analysis: PSD of mixed liquor and sludge attached 
to membrane were analysed by laser light scattering with a Malvern Mastersizer 
2000 (Hydro 2000 MU, Malvern Instruments Limited, UK). This machine was 
designed to measure particle size from 0.02 µm to 2000 µm. 
Microscopic investigations and arbitrary worm count: Weekly, microscopic 
images of MBR mixed liquor were obtained using OLYMPUS BX51 Fluorescence 
Microscope coupled with DP71 digital camera and analySIS imaging software.  
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Table 3.9 Operating conditions and operational highlights 
Operational phase  
Average operating 
temperature     (
o
C) 
Air flow rate 
(L/min) 
Food/Micro (F/M) 
ratio 
Operational highlights 
A - 0-22 days 15 – 20 10 0.144 Acclimatising phase with suction rate of 17 mL/min*  
B - 23-31 days 15 – 18 25 0.231 NaOCl treatment [34] to control filamentous bacteria 
C - 32-48 days 25 – 26 15 0.180 
Commencement of this operation, a thermostat was installed to increase the 
temperature in mixed liquor  
D - 49-58 days 22 – 24 10 0.196 Membrane was cleaned chemically before each critical flux test (1 and 2)  
E - 59-70 days 15 – 18 10 0.210 
On the 60
th
 day, Ametryn (1 mg/L) was introduced to MBR feed. Frequent 
physical cleaning of the membrane module was carried out. Thermostat was 
disconnected throughout this phase 
F - 70-79 days 21 – 22 10 0.201 
Frequent physical cleaning of the membrane module was carried out. Critical 
flux tests 3 and 4 were carried out in the latter part of this operational phase. 
Thermostat was re-plugged and adjusted the temperature in mixed liquor 
G - 80-98 days 21 – 22 10 0.257 Frequent physical cleaning of the membrane module was carried out 
H - 99-144 days 20 – 22 10 0.159 
On the 105
th
 day, Ametryn concentration was doubled (2 mg/L) in MBR feed. 
Later part of this operational phase, Ametryn concentration again increased to 4 
mg/L on 134
th
 day.   
I - 145-186 days  20 – 21  10 0.141 
No physical or chemical membrane cleaning was required and showed the 
fouling was controlled by the system itself. Another two critical flux tests (5 
and 6) were carried out at the completion of this operation.  
SRT was 200 days approximately for all operational phases 
COD concentration of the feed solution changed slightly due to decay in the feed tank and addition of different concentration of Ametryn 
*Permeate suction flow rate was maintained at 17 mL/min in all operational phases except in Phase B (26 mL/min) 
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A 70 µL drop of mixed liquor was placed on the microscope slide and covered with 
a cover slip. A series of images were captured randomly using 10x and 5x 
magnification lenses and the software supported camera was used to take snap 
shots. Earth worms were counted by moving the lens (5x) from one end to the other 
end of the sample slide by covering the whole area of the slide. Three mixed liquor 
sample slides were investigated repeatedly and counted the numbers of worms. 
Average worm count was recorded as the final worm count. 
Potential of fouling of membrane: During the 180 days of continuous operation of 
the lab-scale submerged MBR, eight short-term critical flux tests were performed in 
order to evaluate the fouling propensities of the system. These tests were carried out 
at four different phases of operation and indicated in Figure 3.25 and Table 3.9. 
Common flux step method described in Navaratna and Jegatheesan (2011) was 
adopted to perform all of these short-term critical flux tests. At each time period, 
two tests were carried out with intermittent (12 minutes ON and 3 minutes OFF) 
and continuous permeate suction. In order to maintain the consistency, flux step 
duration and flux height were fixed at 20 minutes and 3L/m
2
/h. Critical flux is an 
acceptable method of determining the potential of fouling of membrane of a MBR 
system (Navaratna and Jegatheesan, 2011; Le-Clech et al., 2003).    
3.2.3 Results and Discussion 
3.2.3.1 Important operational changes found during long term MBR 
operation 
This study was conducted in sub-tropical (lower temperatures) climatic conditions 
under temperature controlled/uncontrolled conditions as described in Table 3.9. 
Except in operational phase B (Table 3.9), suction flow rate was maintained 
constant (17 mL/min) and the variations of MLSS and TMP are depicted in Figure 
3.25. Important observations during long term MBR operation are briefly described 
below.  
Phase A – Acclimatizing stage: TMP was recorded below 5kPa and MLSS showed 
a steady increase. It was found that filamentous bacteria was dominating in MBR 
sludge (Filaments were in Anglesea WWTP sludge from the inception) and forming 
a thick cake layer (Figure 3.24(b)) on the membrane surface.  
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Phase B: Increase of the suction rate to 26mL/min and found that TMP and MLSS 
were increased rapidly and required to clean the membrane chemically (twice). As a 
strategy to control filaments in activated sludge, NaOCl treatment (Metcalf and 
Eddy, 2003) was carried out and noted that MLSS concentration in the bioreactor 
declined abruptly.  
 Phase C: The membrane was cleaned chemically and the suction rate was reduced 
to 17mL/min to control the fouling of membrane. In order to enhance the growth of 
preferable bacteria faster, a thermostat was installed to maintain a warmer sludge 
environment (25 to 26 
o
C) in the MBR from the beginning of this phase of 
operation. Despite this higher temperature, MLSS was not increased significantly 
and fluctuated around 6 g/L. In addition, the intensity of aeration increased 
significantly (over 20 L/min) as a strategy of controlling fouling of membrane (this 
strategy was succeful when the MBR was operated at the tropical conditions). It 
was also noted that fouling of membrane was controlled and increased at a lower 
rate (at 0.06 kPa/day for 17 days – Phase C). Settling sludge was improved rapidly 
at the latter part of Phase C by reducing DSVI from the range of 600 to 300 mL/g.  
 Phase D: Same operating conditions were maintained. From the 48
th
 day of this 
continual operation of MBR system, TMP started to increase rapidly and MBR 
mixed liquor converted to reddish shade and less viscous (declined MLSS to 5 g/L 
level). It was found that large worms (Aeolosoma hemprichi) were present in MBR 
mixed liquor. The outer, protective, nonvascular layer of the skin of Aeolosoma 
hemprichi is covered with orange and red glands, and presence of red inclusions 
within their structure (Song and Chen, 2009; Menniti and Morgenroth, 2010). They 
generally preferred to move to the top of the settled sludge and formed a red layer 
of worms. During this time of operation with high intensity of aeration and 
increased level of temperature, the population of these worms started to increase; 
MBR sludge started to show a very rapid settling nature recording DSVI less than 
50 mL/g and produced more turbid supernatant. A high rate of fouling of membrane 
was showed throughout of this phase of operation. Filamentous bacteria were not 
found in MBR mixed liquor during this phase. 
Phase E: The high rate of fouling of membrane showed in Phase D was also 
continued in this phase.  After addition of Ametryn (1 mg/L) to the synthetic feed 
solution, it was found that a sudden decline and then a gradual increase in MLSS  
146 
 
 
 
Figure 3.25 Long term operation of MBR: Variations of TMP and MLSS with operational time 
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concentration confirming our previous findings (MBR operations #5.2 and #5.3 in 
Figure 5.3, described in Navarana et al., 2012a – in-press).  
Phase F: MLSS concentration was continued to increase and settled at 6 g/L as 
shown in Figure 3.25. Then the MLSS concentration showed a sudden declining 
trend at the latter part of this phase. The rate of fouling of membrane was high and 
the membrane was frequently cleaned physically using fingers and a smooth brush. 
Unlike in our previous studies, during the operational Phases E and F, eEPS showed 
a purple shade (before neutralization, see Figure 3.26 below and SI #3.4) at high pH 
and converted to dark brown/saffron after pH was corrected to 7. It was also found 
that a white colour substance, which has a very high protein, carbohydrate and COD 
concentrations, was forming a layer on the centrifuged sediment portion during EPS 
extraction.  
Phase G: MLSS concentration was continued to decrease and revolved around 4.5 
g/L (Figure 3.25). It was found that the cake formation on the membrane was less, 
but continued to foul the membrane severely. The physical cleaning of the 
membrane module with a brush was very effective as probably the fouling of 
membrane was mainly occurred due to the attachment of worms on to the 
membrane surface. It was noted that there was a fast growth of filamentous bacteria 
from midway of this phase of operation showing an increasing trend of DSVI. 
Phase H: Beyond the 98
th
 day of operation, fouling of membrane was reduced and 
showed a very sustainable operation with low TMP. Despite the presence of 
filamentous bacteria (a balance of filaments and worms; DSVI around 250 to 450 
mL/mg), MBR mixed liquor filtration properties were improved while increasing 
the MLSS concentration up to a level of 9 g/L. Although the Ametryn concentration 
of synthetic feed was increased to 2 mg/L (105
th
 day), MLSS concentration was not 
reduced as previous and continued to increase as shown in Figure 3.25. Worm 
numbers found in mixed liquor were low (10 to 15 per 70 µL). From the 130
th
 day 
of this operation (for about 14 days), it was found that a pink shade in MBR 
permeate and this shade was not removed by GAC filtration. During this period, 
MLSS concentration was reduced from 9 g/L to 7.5 g/L. It could be suspected that 
this pink shade in MBR permeate was generated from the hydrolysis of the reddish 
skin of A. hemprichi exist in MBR mixed liquor. As no other Oligochaete worm 
(Aeolosoma hemprichi) study has been conducted so far under toxic conditions, 
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further investigations are required to confirm this finding. At the same time, COD 
and Ametryn concentrations of permeate recorded higher values (discussed briefly 
in the last part of this paper). Although the Ametryn concentration in the MBR feed 
solution was doubled (4 mg/L), the MLSS concentration was continued to reduce 
further as shown in Figure 3.25. However, it was found that the membrane started 
to foul again but physical cleaning was adequate to control the continual operation.  
Phase I: It was found that the worm population had increased and stabilized around 
30 to 35 per 70 µL and observed that the fouling of membrane was controlled by 
the system itself. Although, there was an increasing trend of MLSS (maximum 
recorded 10 g/L at 161
st
 day) a sudden decline was recorded at the midway of Phase 
I due to obtaining 1.5 to 2.5 L of mixed liquor for batch studies during 160
th
 to 167
th
 
day. Subsequently, the feeding Ametryn was stopped and MLSS concentration 
showed an increasing trend and TMP was reduced and stabilized around 5 kPa.  
By analysing the overall MLSS variation during this MBR operation, it was found 
that a low steady state MLSS concentration (6.0 g/L) was obtained when the worm 
population was high (100 to 120 per 70µL), whereas a high steady state MLSS 
concentration (9 g/L) was recorded for low population of worms (10 to 15 per 70 
µL). The higher rate of predation was caused for low production of biomass. 
However, during the entire MBR process, MLVSS/MLSS ratio was recorded fairly 
high and within a constant range (0.92 to 0.94).   
According to the above observations, it is clear that the presence of worms in MBR 
mixed liquor breaks the flocs due to their predation and fast movement across the 
bioreactor (Figure 3.26). In addition to the reduction of biomass (predation) and the 
improvement of sludge settleability (large worms), as depicted in this figure this 
activity causes breakage of flocs, increase the turbidity level of settled sludge and 
the production of EPS. These changes in the mixed liquor of an MBR affect the 
propensity of fouling of membrane (Figure 3.26). Therefore, in order to evaluate the 
fouling trends at different times of the long term MBR operation described above, 
several short-term studies were carried out. In addition to this, concentration of 
MLSS, DSVI, supernatant of settled sludge, bound and free EPS concentrations 
(protein and carbohydrates) and particle size distribution of mixed liquor at 
different time points were assessed and analysed. These analysis work and results 
are discussed below. 
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3.2.3.2 Short-term experiments to evaluate fouling of membrane  
As stated above, eight short-term critical flux tests were carried out and the 
estimated critical flux values are stated in Table 3.10 (please note that the critical 
flux tests 22 and 23 that are discussed in Section 3.1.5 above were not performed 
when this paper was submitted). It was noted that the critical flux values obtained 
during the Tests 14 and 15 (before addition of Ametryn) were comparatively 
smaller than that of the values obtained during our previous studies (Navaratna and 
Jegatheesan, 2010). On the other hand, the critical flux values obtained during the 
Tests 16 and 17, which were conducted subsequent to the introduction of Ametryn, 
recorded lower critical flux values indicating more severe fouling propensity. 
However, the critical flux tests 18 and 19 showed very high critical flux values 
showing very low fouling trend. Tests 20 and 21 showed a moderate fouling 
propensity by recording medium level of critical flux values (Table 3.10). It was 
found that these short-term critical flux results are compatible with the TMP data 
obtained during the long term operation described in the above section (Figure 
3.25). As stated in our previous publications (Navaratna and Jegatheesan, 2011), in 
most cases during this short term studies, it was found that intermittent suction with 
membrane relaxation was contributed to reduce the membrane fouling. 
In order to analyse the reasons for different fouling propensities during this MBR 
operation (across 186 days), worm count, MLSS, DSVI, DSVI supernatant 
turbidity, EPS/SMP concentrations and average sludge floc size were analysed at 
the time of these short-term tests. These eight critical flux tests were carried out at 
four different time periods and the values obtained for worm count (/70µL), MLSS 
(g/L), DSVI (mL/g), SMPc (mg/L), SMPp (mg/L), eEPSc (mg/L), eEPSp (mg/L), 
average floc size (µm) and DSVI supernatant turbidity (NTU) are indicated in Table 
3.10. When worm numbers were high in MBR mixed liquor, the critical flux values 
were small. This implies that increased numbers of these worms (Aeolosoma 
hemprichi) in MBR mixed liquor leads to higher fouling propensity. In addition to 
less numbers of worms, the filamentous bacteria also were present during the time 
period of Tests 18 and 19. However, the critical flux test results confirmed that the 
MBR system had the least level of fouling of membrane during this time. This 
implies that a balance of filamentous bacteria and worm numbers in MBR sludge 
contribute to form a healthy sludge to maintain low fouling of membrane.  
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Figure 3.26 Predicted fouling mechanism in MBR when Oligochaete worms are present in mixed liquor 
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It clearly shows that the MLSS concentration was not correlated well with the 
critical flux values as indicated in Table 3.10.  Generally, higher MLSS 
concentrations give increased viscosity resulting small critical flux values 
(Navaratna and Jegatheesan, 2011). However, in this situation with Oligochaete 
worms in MBR mixed liquor showed higher fouling trends at low MLSS 
concentrations and less fouling propensities during higher MLSS concentrations. 
On the other hand, results obtained for diluted sludge volume index (DSVI) during 
the critical flux test periods show a positive correlation with the critical flux values. 
For high DSVI values (low settling properties in sludge) showed high critical flux 
values (Tests 18 and 19) indicating less fouling of membrane. The probable reason 
for this was less number of worms present in bioreactor in Phase H. Therefore, 
MLSS concentration and DSVI are not a preferable indicator to predict fouling of 
membrane when aquatic worms present in MBR mixed liquor. 
By looking at the test results of critical flux tests 18 and 19, it is a fact that a balance 
of filamentous bacteria and A. hemprichi in a bioreactor provides a better membrane 
filtration. Turbidity (NTU) values for the DSVI supernatant obtained after 270 
minutes (4.5 hours that is similar to the hydraulic retention time of the secondary 
sedimentation in ASP) are also listed in Table 3.10. DSVI supernatant turbidity 
values show a negative correlation with critical flux values indicating the highest 
turbidity range for the tests (16 and 17) that the lowest critical flux values were 
recorded. Average floc size is also an important parameter in analysing fouling of 
membrane. The results obtained for average floc size (particle size) for the times 
during the eight critical flux tests are also shown in Table 3.10. It was found that the 
fouling of membrane was less when the floc sizes in activated sludge are large. In 
most situations the particle size of the MBR sludge attached onto the membrane 
was higher than that of the sludge in suspension in the bioreactor (results discussed 
below).  
Extra-cellular polymeric substances (EPS) are considered as main building 
materials in forming microbial aggregates such as biofilms, flocs and mixed 
activated sludge liquors (Le-Clech et al., 2006). EPS are produced by secretion of 
active biomass, shedding of cell surface and cell lysis during the biochemical 
process in MBRs. EPS are primarily divided into two forms; free or loosely bonded 
EPS and bound or tightly bonded EPS. The polymeric substances in liquid phase are 
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generally termed as soluble microbial products (SMP) and the floc associated 
polymeric substances are termed as bound EPS (eEPS). Proteins and carbohydrates 
are the main components in EPS and they are considered as the main substances 
that cause fouling of membrane. Protein and carbohydrate concentrations in SMP 
and eEPS (SMPp, SMPc, eEPSp and eEPSc) of MBR sludge consisting oligochaete 
worms were determined and the results obtained for the times of critical flux tests 
are tabulated in Table 3.10. By analysing the EPS data, it was found that protein 
concentrations (the major component of EPS) in SMP and eEPS were not indicated 
a proper correlation with the critical flux values. But on the other hand, 
carbohydrate concentrations in SMP and eEPS showed a close relationship with the 
critical flux values. 
Irrespective to the method of permeate suction (continuous or intermittent suction) 
during the critical flux tests, the lowest concentrations of SMPp (3.41 to 3.64 mg/L) 
were obtained for the maximum critical flux values (27 to 33 L/m
2
/h) and the 
highest concentrations of SMPp (53.42 to 40.77 mg/L) were obtained for the lowest 
critical flux values (6 L/m
2
/h). Similarly, for the critical flux tests that were carried 
out during the time period that the lowest carbohydrate concentrations of eEPS (252 
– 273 mg/L) were recorded, gave the highest critical flux values (27 to 33 L/m2/h). 
These results show that the carbohydrates in SMP was the best correlated factor 
influencing the fouling of membrane when A. hemprichi are present in MBR mixed 
liquor. 
In order to evaluate the influence of this oligochaete worm species (Aeolosoma 
hemprichi) in MBR mixed liquor on the operational performance of the MBR 
system (fouling of membrane) further, biomass (MLSS) concentration, variations of 
SMPp and SMPc, DSVI and the turbidity of its supernatant after 270 minutes of 
settling and particle (floc) size with the worm numbers in the bioreactor were 
studied and the results are discussed in the next section of this chapter. A 
summarized flow diagram depicting mechanisms of fouling of membrane is shown 
in Figure 3.26.  
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Table 3.10 Sludge conditions during short-term critical flux tests 
Test 
Number 
Test 
Description 
Short term 
critical flux 
(L/m
2
/h) 
Worms 
/70µL 
MLSS 
(g/L) 
DSVI 
(mL/g-
MLSS) 
DSVI 
supernatant 
Turbidity 
(NTU) 
Average 
floc size 
(µm) 
SMPp 
(mg/L) 
SMPc 
(mg/L) 
eEPSp 
(mg/L) 
eEPSc 
(mg/L) 
1 INT 12 
35-45 4.4-5.5 35-40 28.2-45.1 DNM 
17.75 23.25 2112 265 
2 CTS 9 12.95 25.21 1935 310 
3 INT 6-9 
90-100 4.7-6.2 40-45 90-143 60 - 75 
41.21 40.77 2111 388 
4 CTS 6-9 53.24 53.42 2135 376 
5 INT 33 
15-20 6.6-7.8 390-420 1.3-1.5 220 - 235 
35.01 3.64 2049 273 
6 CTS 27 36.83 3.41 2008 252 
7 INT 18 
30-35 7.5-8.2 140-150 3.9-4.3 140 - 160 
72.32 11.91 2586 387 
8 CTS 12 71.87 10.42 2592 388 
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3.2.3.3 Influence of Aeolosoma hemprichi on biomass (MLSS/MLVSS) 
production during long term operation 
Figure 3.27 shows the variation of MLSS concentration (mg/L) of MBR with the 
worm count (per 70µL). The Figure shows that the MLSS concentration was high 
(7.5 g/L – 10.0 g/L) for small numbers of worms (10 – 40 per 70 µL) in the 
bioreactor. For the high worm numbers (> 60), the MLSS concentration was 
fluctuated between 4 – 6 g/L. From Figure 3.27, it could be seen that there was a 
reduction of biomass concentration with the increase the numbers of worms in the 
MBR.    
A probable reason for not showing a good fit-in trend curve was the influence of the 
other microorganisms. On the other hand the growth of Protozoa and other 
Metazoan restrain the growth and predation ability of A. hemprichi (Song and Chen, 
2009). Generally, worms are the largest microorganisms in activated sludge 
(Eikelboom et al., 2001) and they consume/ predate most of the smaller 
microorganisms and bacteria Wei et al., 2003a). This is the most significant reason 
for reduction of biomass during the times when the worms dominate in mixed 
liquor. 
 
Figure 3.27 MLSS vs Worm Count 
During a study carried out by Liang et al. (2006b) using a laboratory scale complete 
mixed activated sludge system, they found that the relative sludge reduction was 
about 39 to 65% when their reactor was inoculated with Aeolosoma hemprichi. 
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Song and Chen (2009) also found a correlation between growth rate and Aeolosoma 
hemprichi and the maximum sludge reduction rate was 445 mg/L.d at the worm 
density of 315 ind./mL. However, they sterilized the sludge for their study as they 
focused on finding a relationship between the growth of Aeolosoma hemprichi and 
sludge reduction. Wang et al. (2011) also found that both MLSS and MLVSS 
concentrations were reduced due to the predation of aquatic worms. Not only A. 
hemprichi, but also other types of oligochaete worms such as Nais elinguis (Ratsak 
A., 2001), Lumbriculus variegatus (Hendrickx et al., 2009a and b; 2010; 2011), 
Eisenia fetida (Xing et al., 2011; Aston et al., 1982) and Tubifex tubifex (Liang et 
al., 2006a; Aston et al., 1982) were also used for evaluating sludge reduction 
potential in activated sludge in past.  
3.2.3.4 Influence of Aeolosoma hemprichi on sedimentation efficiency 
during long term operation  
Biomass separation in MBR process is carried out by membrane filtration and 
therefore, the efficiency of sedimentation of activation sludge is not directly 
important to produce high quality effluent. However, maintaining a healthy MBR 
sludge (under normal conditions) with good settling properties would be helpful to 
control fouling of membrane. Generally, good settling properties in activated sludge 
implies that the presence of sufficient amounts of floc forming bacteria and non-
availability of filamentous bacteria; the common species of bacteria that restricts the 
sludge settleability and causes severe fouling of membrane (Meng and Yang, 2007). 
Therefore, in order to understand the nature of sludge in the bioreactor, one of the 
rapid assessment methods to monitor settleability of sludge is generally carried out. 
There are three settleability indices, the sludge volume index (SVI), the specific 
sludge volume index (SSVI) and the diluted sludge volume index (DSVI). SVI and 
SSVI are commonly used in ASPs with low solid concentrations in activated 
sludge. However, DSVI overcomes the problem of high MLSS concentrations in 
MBR mixed liquor, and it replaces the conventional SVI test.  
In this study, DSVI experiment was extended for 270 minutes and measured the 
sludge height (log-scale) of the settled sludge with time at different sludge 
conditions (Figure 3.28(a)). According to the sludge settling trends in different 
sludge conditions, sludge types could be categorized as bulk sludge, healthy sludge 
and sludge with very high settling properties (with increased numbers of Aeolosoma 
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hemprichi). It was also seen that there is a transitional sludge condition between 
healthy and bulk sludge states.     
Figure 3.28(b) shows the variation of DSVI (mL/g-MLSS) with worm numbers (/70 
µL) in MBR sludge. The trend curve (r
2
=0.9026) shown in the figure shows an 
exponential decrease in DSVI with the increase of worm count. This result implies 
that increased numbers of Aeolosoma hemprichi in MBR mixed liquor improves the 
sludge settleability. It was found that DSVI was less than 50 mL/g-MLSS, when the 
worm count increases over 60 per 70 µL. However, when filamentous bacteria are 
dominating in MBR mixed liquor, DSVI was over 300 mL/g-MLSS. Wei et al. 
(2003b) also found that SVI of activated sludge in their CAS (conventional 
activated sludge) reactor was 60 mL/g (71 worms per mg of VSS) whereas in the 
MBR system, SVI was 133 mL/g (10 worms per mg of VSS).  
During another study by Wei et al. (2009b), it was found that SVI was 78 mL/g for 
an integrated oxidation ditch with vertical cycle (IODVC), which was induced by 
free swimming worms (Aeolosoma hemprichi, Nais elinguis, Aulpophorus 
furcatus). They found a linear decreasing trend for SVI and worm numbers for their 
IODVC reactor. According to the study carried out by Elissen H. (2007) with their 
activated sludge reactor consisting worms (Lumbriculus variegates), they found that 
the initial settling of sludge was high with SVI of 55 to 63 mL/g. Ratsak C. H. 
(2001) also found that SVI was considerably small during their study, when worms 
were present in their reactor. During another MBR study with aquatic worms 
(Wang et al., 2011), it was also found that the worm MBR gives improved 
settleability compared to the control reactor. 
Turbidity of supernatant was also measured after 270 minutes during the DSVI test. 
In order to avoid any interference due to the high fluctuation of turbidity in 
supernatant, it was not measured at 30 minutes. As shown in Figure 3.28(c), DSVI 
and turbidity of the supernatant after 270 minutes varied in opposite ways. The 
figure shows that DSVI is over 900 mL/mg-MLSS and supernatant turbidity is less 
than 3 NTU for bulk sludge. On the other hand, DSVI is below 50 mL/mg-MLSS 
and supernatant turbidity is over100 NTU. It was found that NaOCl treatment for 
filaments increased the supernatant turbidity considerably.      
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Figure 3.28 (a) Variation of sludge height with time during extended DSVI test; (b) Variation 
of DSVI with worm count when filamentous bacteria are not present; (c) Variation of DSVI 
and Turbidity with time at different sludge conditions in Phase 2 MBR operation 
y = 335.92e-0.021x 
R² = 0.9026 
0
50
100
150
200
250
300
350
400
0 20 40 60 80 100 120 140
D
SV
I 
(m
L/
g)
 
Worm Count (/70µL) 
(a) 
(b) 
(c) 
158 
 
The hydraulic retention time in a typical secondary sedimentation tank in ASPs is 
around 180 to 270 minutes (3.0 to 4.5 hours). Figure 3.29 shows the variation of 
turbidity of DSVI supernatant (NTU) at 270 minutes – log-scale with numbers of 
worms (/70µL) in the bioreactor. It was found that turbidity of DSVI supernatant at 
270 minutes increases with worm count exponentially (r
2
=0.8538). This finding 
reveals that the turbidity of supernatant of settled sludge increases rapidly with the 
increase of worm numbers. Worms (free swimming) present in supernatant, 
producing high amounts of SMP (discuss this in the following section) and breaking 
and generating very small particular/sediment like substances by worms (due to fast 
motility and predation/consumption of bacteria and microorganisms)  are some of 
the possible reasons for this high turbidity. Elissen H. (2007) also found that 
turbidity of sludge water phase increased due to formation of colloidal and/or 
dissolved materials when worms are present in the bioreactor.  
 
Figure 3.29 Variation of DVSI supernatant turbidity (NTU) at 270 minutes – log-scale with 
worm count (/70µL) 
3.2.3.5 Bound and free EPS (eEPS & SMP) production               
Figure 3.30 shows the variation of total SMP (mg/L) and total eEPS (as this 
depends on MLSS; mg/g-MLSS) with worm numbers in MBR. The production of 
SMP showed a significant increase (from 20 - 30 mg/L to 80 – 90 mg/L) when 
worm numbers increased from 20 to 100 per 70µL approximately. This is over 
300% increase. The production of eEPS also showed an increasing trend with the 
worm count. 
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Figure 3.30 Variation of total SMP and eEPS with worm count 
The variation of protein and carbohydrate concentrations of bound EPS (eEPS) is 
shown in Figure 3.31. Similar to observations during our previous studies, it was 
found that protein is the dominant component of eEPS. However, both protein and 
carbohydrates in eEPS increase with worm numbers in MBR mixed liquor. 
 
Figure 3.31 Variation of protein and carbohydrate concentrations in eEPS with worm count 
Concentration of carbohydrates in eEPS showed a better linear trend (r
2
=0.8914) 
than the concentration of protein (r
2
=0.5093). This implies that the number of 
worms in MBR mixed liquor shows a better correlation with the concentration of 
carbohydrates in eEPS than that of with the concentration of protein in eEPS. When 
considering the concentrations of protein and carbohydrates in SMP with worm 
numbers in MBR mixed liquor (Figure 3.32), it shows that only the concentration of 
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carbohydrates had a positive correlation (r
2
=0.8188). The concentration of protein 
in SMP showed a scattered distribution with worm numbers. 
 
Figure 3.32 Variation of protein and carbohydrate concentrations in SMP with worm count 
By analysing the above results, it can be seen that the concentration of 
carbohydrates in both SMP and eEPS were increased steadily with increase of 
worm numbers in the bioreactor and they showed a substantial correlation. 
Although, the research studies on EPS production when worms are present in mixed 
liquor (MBR/ASP) are seldom, some related findings were obtained by several 
research groups in past and are discussed below.  
During a study on evaluation of the influence of aeration intensity on predation and 
EPS production in MBRs by Menniti and Morgenroth (2010), it was found that 
predation by Aeolosoma hemprichi resulted in increase the floc-associated EPS 
(eEPS) and soluble EPS (SMP). They also found that severe aeration had no effect 
on SMP or eEPS production in MBRs. Another study (Wang et al., 2011) on sludge 
reduction and process performance in a submerged MBR with aquatic worms 
(Aeolosoma hemprichi and Tubificidae), it was found that the concentration of SMP 
increased more rapidly in worm-MBR than that of in the control-MBR without 
worms. However, they found that there was no influence of worms on the 
production of eEPS, which they called as EPS.  
In addition to the results obtained from chemical analysis (discussed above), FTIR 
technique can be used to obtain more details about the deposition of biopolymers on 
the membrane surface (Meng et al., 2008). Therefore, FTIR was used to analyse the 
EPS functional groups; mainly proteins and carbohydrates/polysaccharide–like 
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substances in this study. During a broad description on analysis of FTIR spectrums 
for EPS, Badireddy et al. (2010) showed four predominant bands containing several 
characteristic functional groups; 1700 to 1600 cm
-1
 (amide I), 1500 to 1300 cm
-1
 
(carboxylic group and hydrocarbon-like compounds such as lipids), 1200 – 900 cm-
1
 (carbohydrates and nucleic acids) and 900 – 600 cm-1 (fingerprint region). Also 
they specified addition to the presence of amide I, peaks at 1550 cm-1 (amide II) 
and 1350 to 1200 cm
-1
 (amid III) are indicating that protein is present in the 
samples.  
Figure 3.33(a) and (b) show FTIR spectrums obtained for eEPS samples extracted 
at early stages of Phase G and H respectively during the long-term MBR operation 
shown in Figure 3.25. As shown in both spectrums, there are two peaks prominent 
peaks around 1640 cm
-1
 and 1540 cm
-1
. They are unique to the protein secondary 
structure, and defined as amides I and II (Maruyama et al., 2001). The peaks shown 
between 1400 cm
-1
 and 1237 cm
-1
 in spectrums indicate that the availability of 
amide III also in these eEPS sample. The availability of amide I, II and III indicates 
that the presence of proteins in the sample. In addition to these peaks, a broad peak 
is shown at 1026 cm
-1
 (represents C-O bonds) in the spectrum, indicating the 
functional groups of polysaccharide (carbohydrates) or polysaccharide like 
substances in the eEPS sample (Kimura et al., 2005). Therefore, the above results 
confirm that the floc-associated bound EPS consist of proteins and carbohydrates, 
which are considered as the main responsible substances that cause fouling of 
membrane. 
It was also found that absorbance values in spectrum shown in Figure 3.33(a) is 
much higher than that of in spectrum shown in Figure 3.33(b) indicating that both 
proteins and carbohydrates are lesser in eEPS sample extracted during the early 
stage of Phase H (where worm numbers are less) compared to the one extracted 
during the early stage of Phase G (where worm numbers are high). Figure 3.25 
shows that TMP values are much lower in the early stages of Phase H (less fouling 
trends) than that of in Phase G indicating the relationship amongst worm numbers, 
eEPS concentration in terms of proteins and carbohydrates and fouling of 
membrane (i.e. higher the worm numbers, larger the concentration of proteins and 
carbohydrates in bound EPS, which lead to increased fouling rate.        
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(a) 
 
(b) 
Figure 3.33 FTIR spectrums for an eEPS sample extracted during operational (a) Phase G and 
(b) Phase H 
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In addition to the above peaks, Figure 3.33(a) and (b) show several adsorption 
peaks between 3200 cm
-1
 and 3400 cm
-1
 indicating the stretching of O-H bond in 
hydroxyl functional groups and C-H bonds (Kumar et al., 2006). Zhang H-F. (2009)  
stated that availability of O-H stretch (3378 cm
-1
) and C-H stretch (3260 cm
-1
) 
exhibit the presence of carbohydrates or carbohydrates-like substances. During 
another FTIR analysis of EPS samples (Ramesh et al., 2007) extracted from a MBR, 
it was found a peak at 1380 cm
-1
 (probably overlapping with amide III in our case) 
indicating the availability of lipids in EPS. 
The C-H stretch of alkanes (peaks around 2925 cm
-1
) also could be seen in the FTIR 
spectrums shown in Figure 3.33(a) and (b). A similar peak was obtained by 
Pendashteh et al. (2011). However similar to Meng et al. (2008), in our study a peak 
at 1720 cm
-1
 was not found indicating the absence of humic and fulvic acids in our 
EPS sample extracted from MBR mixed liquor consisting A. hemprichi worms. The 
peaks obtained between 400 cm
-1
 and 900 cm
-1
 (in the fingerprint region) are unique 
to a particular molecular structure and in this with region number of peaks originate 
in interacting vibrational modes resulting in a complex absorption pattern. 
According to FTIR literature, this region is quite complex and often difficult to 
interpret; however, each organic compound has its own unique absorption pattern 
(or fingerprint) in this region and thus an IR spectrum be used to identify a 
compound by matching it with a sample of a known compound.  
As shown in SI #3.5, FTIR analysis was also carried out for MBR mixed liquor, 
attached sludge and chemical compounds such as Ametryn and Bovine Serum 
Albumin (BSA). 
3.2.3.6 Impact on particle size of activated sludge in MBR 
Particle size distribution (PSD) of MBR mixed liquor is generally considered as one 
of the most influential factor for fouling of membrane. Ng and Hermanowicz (2005) 
reported that specific resistance to membrane filtration was strongly influenced by 
the amount of dispersed microorganisms (smaller flocs) in mixed liquor. A cake 
made with small particles has higher specific resistance resulting poor membrane 
filtration (Delgado et al., 2011). Summarized results of particle size distribution of 
MBR mixed liquor samples obtained at different stages of long-term operation are 
tabulated in Table 3.11. The results are tabulated according to the increasing 
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sequence of worm numbers. Mean floc size in MBR mixed liquor was reduced from 
222µm to 74µm with the increase of worm numbers in the bioreactor from 10 to 15 
to 80 to 120 per 70µL. Wei and Liu (2006) found that the mean floc size of the 
sludge in their bench scale worm reactor (free swimming worm compartment) was 
89.073µm.   
During their previous study (Wei et al., 2003b) on the MBR with low density of 
worms, they found that the floc size (30 to 40µm) of activated sludge experienced 
only little change with time but on the other hand the floc size of activated sludge in 
their CAS reactor with high densities of worms converted to large sizes (around 
1000µm) when dominance of worms transferred from Aeolosoma to Nais. In our 
study, the lowest mean floc size was found in the sludge attached to the membrane 
at the worm count of 40 to 80 per 70µL. 
However, when the worm numbers were increased further, the mean floc size was 
increased substantially. The probable reason for this is due to the attachment of 
worms on the membrane (as indicated earlier) and the sludge attached to the 
membrane consists of significant numbers of worms. This contributed to shift the 
size-distribution to increase the mean floc size by reducing the percentage of 10 to 
100 µm particles from 63% to 52% and increasing the percentage of 100 -1000 µm 
particles from 28% to 47%. 
 
It was also found that mean particle size in mixed liquor was larger than that of in 
sludge attached on to the membrane. This was very common, when the worm 
numbers are small. During another study (Pendashteh et al., 2011), it was also 
found that the tendency for small particles to attach to the membrane surface were 
higher than larger particles. However, when the mixed liquor floc size is reduced a 
certain limit (75 µm), this trend was not observed and mostly the mean floc size 
was larger in attached sludge compared to that of in mixed liquor (Table 3.11). 
Wang et al. (2011) found much smaller mean floc sizes for their MBR consisting 
worms compared to our study. Mostly, they found that the floc size distribution 
ranged between 10 and 50 µm for the mixed liquor of their control MBR and 
between 1 and 10 µm for the worm MBR. They confirmed that the mean floc size 
of mixed liquor in worm-MBR is smaller than that in control-MBR. In our study, 
particles smaller than 1µm were not seen in mixed liquor, however, amount of 
smaller particles (1 to10 µm) increased (but not significantly) with the increase of 
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worms present in MBR mixed liquor. One of the reasons for this is the increase of 
dispersed bacteria population due to the breaking of flocs (because of predation and 
high motility of worms). Increasing of these dispersed bacteria helps to provide 
more food for the worms and hence for their fast growth. The A. hemprichi’s 
pharynx is less than 50 µm (Liang et al., 2006b) and availability of smaller bacterial 
flocs (less than 50 µm) would help the worms to grow at a higher rate. The 
reduction in particle size (dispersed bacteria and small colonies) also helped to form 
a compact floc structure by increasing the density in formation of biopolymer layers 
on membrane increasing the fouling of membrane (Lin et al., 2009). 
3.2.3.7 Performance of MBR during worm dominant times in the bioreactor  
COD removal of the MBR system during the total time span was not affected by the 
presence of aquatic worms. MBR showed over 95% removal of COD throughout 
this long term operation (over 180 days). However, it was found that COD 
concentration was high and the removal of COD was slightly low (85% - 88%) 
during two weeks of the latter part of Phase H (data not shown). As indicated 
earlier, MBR permeate shown a light pink colour during this time. It was noted that 
removal of Ametryn from the MBR system was also affected (also not discussed in 
this paper) and effluent Ametryn concentration was higher than the feed Ametryn 
concentration. It was also noted that this pink shade in MBR effluent was not totally 
removed by the GAC filtration and this was observed before increasing the feed 
Ametryn concentration to 4 mg/L and latter part of the operation with Ametryn 
concentration of 2 mg/L. As this colour matched with the colour of oligochaete 
worms (Aeolosoma hemprichi), it could be assumed that the increase of COD and 
Ametryn concentration of MBR effluent was due to mixing of some substance that 
was secreted by these worms. However, due to inadequate information obtained 
during this study, it was not possible to provide more evidence and confirm this 
assumption. This observation would be a potential area for further study.     
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Table 3.11 Floc/Particle sizes of MBR sludge with the variation of worm numbers in the bioreactor (for PSD spectrums see SI #3.6)  
Worm 
Count 
(/70µL) 
MBR Mixed Liquor 
 
Attached sludge on membrane 
Mean floc 
size (µm) 
Average Particle Size Distribution (%)   Mean floc 
size (µm) 
Average Particle Size Distribution (%) 
0 - 1 µm 1 - 10 µm 10 - 100 µm 100 - 1000 µm   0 - 1 µm 1 - 10 µm 10 - 100 µm 100 - 1000 µm 
10 - 20 221.81 0.00 1.24 21.99 76.77   117.88 0.00 2.30 45.09 52.61 
20 - 40 152.68 0.00 1.48 31.25 67.27 
 
102.61 0.00 1.92 48.97 49.11 
40 - 80 110.15 0.00 3.04 44.96 52.00 
 
47.92 0.47 8.10 63.86 27.57 
80 - 120 74.07 0.00 4.78 56.83 38.39   77.05 0.00 5.51 52.42 42.07 
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3.3 Conclusions 
A lab-scale MBR (PE membrane - 0.4µm and 0.2 m
2
) was studied to determine its 
critical flux values using short and long-term critical flux tests at different 
hydrodynamic and sludge conditions (Phase 1 and 2). The following conclusions 
can be made based on the results obtained during this study.  
 Irrespective to the addition of Ametryn, it was found that intermittent 
permeate suction mode (twelve minutes ON and three minutes OFF) with 
membrane relaxation is effective in controlling of fouling of membrane and 
in restoring the membrane from fouling at lower MLSS range (4 to 8 g/L).  
 By evaluating the results obtained from different critical flux determination 
experiments, the prolonged flux-step method, which is introduced during 
this study gave more realistic critical flux values (9 to 10.5 L/m
2
/h) than 
typical short-term experiments.  
 Subsequent to the addition of Ametryn in both operational phases, MBR 
showed higher foluing trends indicating 40 to 60% (Phase 1) and 30 to 50% 
(Phase 2) reductions in critical flux values compared to the critical flux 
values obtained during the previous set of short-term tests before addition of 
Ametryn. 
 Different short-term critical flux values were obtained depending on the 
sludge environment; from 15 to 18 L/m
2
/h (normal sludge conditions 
without worms and before addition of Ametryn), 25 to 50 L/m
2
/h (very 
healthy sludge conditions before addition of Ametryn or after 
acclimatisation to Ametryn toxicity) and 6 to 12 L/m
2
/h (during the 
transition period or acclimatising period for Ametryn toxicity). The above 
short-term tests usually estimates exaggerated critical flux values and high 
fouling propensities were found during long-term MBR operations at 5.1 to 
10.5 L/m
2
/h (with and without Ametryn). Therefore, the most sustainable 
flux for the MBR treating Ametryn is 5.1 L/m
2
/h and can be operated for 
long periods (sometimes several months) without chemical cleaning. 
 Fouling of membrane was not increased by elevating the concentration of 
Ametryn (up to 2 mg/L and then to 4 mg/L). This shows that the influence 
of Ametryn dosage to the bioreactor is significant only at the time of 
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introduction of Ametryn. Subsequent to the acclimatising period of 
microorganisms to Ametryn toxicity, further increase in the concentration of 
Ametryn does not influence the functions of microorganisms considerably.  
 Critical flux values decreased (high fouling) due to the following MBR 
sludge conditions; 
o High carbohydrate concentration in SMP  
o Small particle (floc) sizes  
o Increased diluted sludge volume index - DSVI when worms were not 
present and decreased DSVI levels when worms were present  
 During the short-term experiments with high critcal flux values, over 90% of 
COD removal was achieved from the MBR until the membrane flux reached 
up to its critical value. 
 During short-term experiments, a removal of 50 to 60% (Phase 1) and 40 to 
80% (Phase 2) of Ametryn by the MBR alone was achieved for feed 
solution containing 1mg/L of Ametryn.   
 A mathematical model was developed to predict the critical time required to 
chemically clean the membrane during MBR subcritical operations. The 
model is very sensitive to initial TMP variations of long-term operations.  
Oligochaete worms (Aeolosoma hemprichi) were present in the laboratory scale 
submerged MBR treating Ametryn during Phase 2. MBR was operated under 
synthetic feed with and without Ametryn (1 to 4mg/L), sludge and hydrodynamic 
conditions. It was found that, 
 High rate of aeration (over 20 L/min) and temperature range of 20 to 25 oC 
were suitable for higher growth of worms. 
 Presence of large numbers of worms (80 to 100 per 70 µL of mixed liquor) 
in the bioreactor showed high rates of fouling (2.5 kPa/day) and low 
concentrations of MLSS (5.5 g/L).  
 Mean floc size in MBR sludge was reduced from 222 µm to 75 µm when 
the average worm population increased from 15 to 100 per 70 µL of mixed 
liquor.  
 Sludge settling was increased rapidly with the increase of worm numbers 
(DSVI less than 50 mL/mg-MLSS).  
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 Turbidity of supernatant of the settled sludge (after 270 minutes) showed 
high levels (100 to 300 NTU).  
 Carbohydrate concentration of soluble microbial products (SMP) increased 
linearly with worm numbers and this caused severe fouling of membrane.  
 When mixed liquor showed healthy and high filterability, less numbers of A. 
hemprichi (up to 20 per 70 µL of mixed liquor) and some filamentous 
bacteria were present.  
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CHAPTER 4 
 
4. APPLICATION OF A HYBRID MBR SYSTEM TO 
TREAT HERBICIDES DISCHARGED TO SENSITIVE 
ENVIRONMENTS 
Abstract  
The treatment performance of a hybrid system consisting of a membrane bioreactor (MBR), UV 
disinfection unit and a granular activated carbon (GAC) filter in treating Ametryn was evaluated. 
The experiments were carried out in the tropical (Phase 1) and the sub-tropical (Phase 2) 
environmental conditions. MBR alone removed around 95% of COD and over 97% from the hybrid 
system from its influent. The optimum removal (40%) of Ametryn from MBR alone recorded at 
hydraulic retention time (HRT) of 15.6 hours. While the MBR plus anoxic feed tank removes only 
40% of Ametryn at a HRT of 7.8 hours, the hybrid system removed Ametryn to below detection 
levels. The hybrid system also showed its superior performance for the effective removal of organic 
substances throughout the process. 
By analysing MBR effluent, it was found that a higher removal of carbohydrates was achieved by 
microfiltration than the removal of proteins implying that carbohydrate in SMP is more responsible 
for fouling of membrane. Components of EPS (protein and carbohydrates) were increased in the 
bioreactor and the observed biomass production reduced after the addition of Ametryn. In a batch 
study, GAC was added to MBR mixed liquor and removal of Ametryn via biodegradation and 
adsorption were measured. Five common bacterial colony types (Gram negative and positive bacilli 
and Gram negative cocci) were found and three of these were resistant to Ametryn up to 5 mg/L. 
GAC was found to be a very effective Ametryn adsorption medium and in some occasions Ametryn 
may have acted as a nutrient source for bacteria.  
 
 
 
 
 
 
 
 
The content in Sections 4.1 was presented at 8th International IWA symposium on waste management problems 
in agro-industries in Turkey (June 2011) and submitted for publication in Water Science and Technology (in-
press)  
The content in Section 4.3 was publised in Bioresource Technology 113, 181-190 
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4.1 Treatment performance of a hybrid MBR system in a 
tropical environment to treat herbicides discharged to 
sensitive environments  
4.1.1 Introduction 
The Great Barrier Reef (GBR) of Australia is considered as the largest coral reef 
system in the world (http://www.greatbarrierreef.org/). The GBR, which is a world 
heritage area and located in the North-east coast of Australia, contributes billions of 
dollars annually to the Australian economy. This is particularly a sensitive 
environment of national and international significance.  According to Johnson and 
Ebert (2000) and Moss et al. (2005), this ecosystem spreads over an area of 350,000 
km
2
 and 80% of its catchment area is used for the agricultural industry, especially 
for cattle-grazing (77%). Sugarcane is the largest crop grown (1%) in the GBR 
catchment (Gilbert et al., 2003). Due to the rapid expansion of these agricultural 
activities during the past few decades, the usage of pesticides, herbicides and other 
agricultural chemicals have been significantly increased. Although the GBR is 
managed very well by the relevant authorities, due to the expansion of agricultural 
activities in its catchments, the discharge of large volumes of pesticides and 
herbicides into the GBR through coastal waterways is still being continued.    
Due to short sludge retention times (STRs) and relatively low biomass 
concentrations, conventional wastewater treatment processes are considered as an 
inefficient in removing nutrients, micropollutants, and substances that are persistent 
in the environment such as herbicides, pesticides, etc. Wu et al. (2009) found that 
Atrazine was not removed by anaerobic/anoxic/oxic processes during their 
experiments. Therefore in this study, the advanced Membrane Bioreactor (MBR) 
technology is researched to control the discharge of herbicides to sensitive 
environments such as the GBR. Based on a comprehensive review on MBRs and 
their potential application in the treatment of agricultural wastewater by Cicek 
(2003), MBR technology is found to have greater potential in reducing ecological 
and health risks associated with pesticides and herbicides. As most of the membrane 
processes (reverse osmosis and nano-filtration) are relatively expensive and 
complex to operate when applied for the removal of herbicides and other pollutants, 
MBR process could be suitable for the removal of the above substances. MBR 
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technology has been applied to remove many trace organic compounds (Nghiem et 
al., 2009) such as pharmaceutically active compounds, surfactants, industrial 
chemicals and micro-pollutants from wastewater in the past and the findings of 
many of them have revealed that the membrane bioreactors are more efficient than 
conventional activated sludge (CAS) processes in the removal of such substances 
and their metabolites from wastewater (Radjenović et al., 2008; Bouju et al., 2008). 
A recent study by Tadkaew et al. (2011) showed that molecular properties of target 
compounds play an important role and found that trace organic compounds with 
high hydrophobicity (Log D at pH 8 > 3.2) were removed effectively (98% 
removal) by MBR system. However, they found that all hydrophilic and moderately 
hydrophobic (Log D < 3.2) compounds having strong electron withdrawing 
functional groups mostly demonstrated very low removal efficiency (< 20%). On 
the other hand, Cirja et al. (2008) stated that the scale of operation, hydrophobicity 
and nature of the chemical structure of the compound to be treated and operating 
parameters (SRT, MLSS, temperature, etc.) are very vital for the removal efficiency 
of a treatment system.  However, only a few research works have been carried out 
to investigate the performance of MBR systems for the treatment of pesticides and 
herbicides so far (Visvanathan et al., 2005; Liu et al., 2008; Abegglen et al., 2009). 
Our research work mainly focuses on evaluating the performance of hybrid MBR 
treatment system together with UV/GAC processes on the removal of Ametryn. 
According to Cirja et al. (2008), sorption and biodegradation are the two dominant 
mechanisms in the removal of organic micropollutants in CAS and MBR processes. 
This study also evaluates the qualitative and quantitative variations of mixed liquor 
suspended solids (MLSS) and the performance of MBR in terms of reducing the 
concentrations of chemical oxygen demand (COD) and other organic substances. In 
order to estimate the parameters required for designing a suitable hybrid MBR 
system with sustainable operation to treat Ametryn and other pollutants, several 
long and short term experiments were carried out before and after the introduction 
of Ametryn. This Photosystem II herbicide, which is commonly used in the 
sugarcane farmlands in the GBR catchment (Navaratna and Jegatheesan, 2010 and 
Navaratna et al., 2010), is used to control pre and post emergence of broadleaf and 
grass weeds (Xu et al., 2009; Gao et al., 2009) and its chemical structure (s-triazine) 
and properties are illustrated in Table 4.1.  
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Table 4.1 Properties of Ametryn  
Molecular Weight (g/mol) 227.33 
 
Molecular Formula C9H17N5S 
Melting Point (
o
C) 84-85 
Appearance White Powder 
Solubility 185 mg/L (water 20
o
C) and readily 
dissolves in solvents (acetone) 
Purpose methyl-thio-triazine herbicide to 
control grass 
IUPAC Name N2-ethyl-N4-isopropyl-6-
methylthio-1,3,5-triazine-2,4-
diamine 
Log Kow 2.83  
Source: Edwards (2005)  
4.1.2 Materials and Methods 
4.1.2.1 Experimental Setup 
The hybrid laboratory-scale MBR system, which is depicted in Figure 4.1, was 
designed for this study. The MBR and feed tank were made out of Perspex and the 
hydraulic capacities were 13L and 40L (excluding the freeboard) respectively. A 
hollow fibre polyethylene (PE) membrane module (pore size of 0.4µm, effective 
area of 0.2m
2
) was immersed in the MBR reactor. Air to the MBR was supplied 
from the central compressed air system through air regulators and valves, an air 
flow meter and perforated PVC manifold approximately with 20 holes (diameter 
around 1.5mm for providing coarse bubble aeration) was installed at the base of the 
MBR. As a backup air supply, a portable compressor was also used. Two peristaltic 
pumps were used to feed the MBR tank at a uniform feed rate and to pump out 
permeate (treated effluent) from the MBR through the membrane. A vacuum 
pressure gauge was used to measure Trans-Membrane Pressure (TMP). Peristaltic 
pumps were connected to an electronically controlled timer to operate them 
intermittently (12 minutes “on” and 3 minutes “off”). The pump, which was used to 
draw permeate, was also used for backwashing the membrane with treated water 
when required. 
UV disinfection unit, which consists of an UV-C lamp (Wavelength: 254 nm; Total 
UV dosage: 6.602 Wsec/cm
2
; 20.3W) and a stainless steel body (made at UVS Ultra 
Violet Pty Ltd, Australia) was installed in series with the MBR (SI #4.1). Then the 
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UV treated effluent (Contact time: 20 minutes for 35 mL/min flow rate) was sent 
through a GAC filter, which was made out of Perspex. This arrangement avoided or 
minimized entering microorganisms to the GAC column and clogging the unit. 
Based on a previous study by Naylor (2010), HAYCOAL GI 1000 12/30, which is a 
coal based granular activated carbon, was selected for this study due its superior 
performance in the removal of herbicides.   
 
Figure 4.1 Schematic diagram of the Experimental Setup 
4.1.2.2 Feed Composition 
The composition of synthetic wastewater (based on Birima et al., 2009) fed to the 
MBR system during this study consists of Glucose (C6H12O6 – 710 mg/L), 
Ammonium Acetate (CH3COONH4 – 200 mg/L), Sodium Hydrogen Carbonate 
(NaHCO3 – 750 mg/L), Ammonium Chloride (NH4Cl – 30 mg/L), Potassium Di-
Hydrogen Phosphate (KH2PO4 – 30 mg/L), Potassium Hydrogen Phosphate 
(K2HPO4 – 60 mg/L), Magnesium Sulphate (MgSO4.7H2O – 50 mg/L), Calcium 
Chloride (CaCl2.2H2O – 30 mg/L) and Sodium Chloride (NaCl – 30 mg/L).  
After the preparation of synthetic wastewater (40 L) by mixing the above chemicals 
with water, Ametryn was added. As Ametryn does not dissolve in water readily 
(Table 4.1), stock solutions were made (160 mg/L) and preserved at 4
o
C. When 
required, 250 mL (40 mg) of Ametryn stock solution was mixed in 40 L of synthetic 
feed. In order to prepare the stock solution, precisely measured quantity of Ametryn 
(168 mg of 95% Ametryn) was initially dissolved in methanol (100%), mixed with 
distilled water (1 L) and then methanol was evaporated using a rotary evaporator 
(Buchi Rotavapor R-200). The solution was then allowed to cool down to room 
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temperature in a volumetric flask and then filled it up to 1 L by adding distilled 
water. The COD and Ametryn concentrations of synthetic wastewater were 
maintained around 700±50 mg/L and 1 mg/L respectively.
 
4.1.2.3 Parameters Analysis 
During these studies, dissolved oxygen (DO), pH and turbidity levels were regularly 
measured using YSI DO 200 dissolve oxygen meter, WP-80 TPS pH/temperature 
meter and HACH 2100P turbidimeter respectively. Mixed liquor suspended solids 
(MLSS) concentration was analysed using the standard methods (American Water 
Association, 21
st
 edition, 1985). COD measurements were carried out adopting 
Merck Photometric method using Spectroquant COD cell test kits and Thermo-
reactor TR-320 (for calibrating data, refer SI #4.2). High performance liquid 
chromatography (HPLC) analyser, which consists of pumps (Varian Prostar 210), a 
detector (Varian Prostar 325 UV-Vis), an auto-sampler (Varian Prostar 410), an 
injection volume (100 uL sample loop) and a HPLC column (Phenomenex Luna 
250*4.6mm 5u), was used to analyse Ametryn concentration in feed and permeate 
(more details in SI #4.3). UV absorbance at wavelength 222 nm for Ametryn (Pinto 
and Jardim, 2000) and wavelength 254nm for organic matter (Potter and Wimsatt, 
2009) was measured using a UV-VIS spectrophotometer (Hewlett Packard 8453).     
4.1.2.4 Membrane Cleaning and General Operating Conditions 
Chemical cleaning of the membrane was carried out before each experiment as per 
the procedure stated by the manufacturer by immersing, bubbling and backwashing 
the membrane using 3 g/L of NaOCl solution. Permeate temperature was not 
fluctuated significantly (22 to 26 
o
C) during these experiments and therefore, the 
membrane flux was not adjusted for variations in temperature. The DO 
concentration was maintained around 2.0±0.5 mg/L (air flow rate was around 10 
L/minute) throughout these studies. Generally, sludge was not wasted intentionally 
and maintained a SRT of 200 days approximately. Occasionally, sludge overflowed 
due to rapid decline of membrane flux when the membrane was fouled severely. 
Further, around 300 to 400 mL of mixed liquor was taken weekly for the analysis of 
MLSS and other sludge related investigations.  
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4.1.2.5 Experimental Methods 
Long-term MBR operations 
MBR was operated at different HRTs to evaluate its performance on the treatment 
of Ametryn. Temporal variations of MLSS and fouling trends (TMP) and removal 
of COD concentration were also investigated. The general operating conditions 
mentioned above were adopted to maintain the consistency of these studies.  
Long-term study on evaluating individual performance of MBR, UV and GAC 
column for treating Ametryn 
During this study, the hybrid system was closely monitored for 10 days 
continuously and treated effluent samples from each treatment unit were collected. 
System flow rate was maintained at 40 L/day (HRT of the MBR was 7.8 hrs.). 
Samples were analysed for COD and Ametryn removal. Influent COD and Ametryn 
concentrations were maintained at 700±50 mg/L and 1 mg/L respectively. It was 
noted that the feed tank was acted as an anoxic reactor, and therefore, COD and 
Ametryn concentrations were frequently measured in the effluents produced by all 
individual units of the hybrid system including MBR influent. The design 
parameters of the GAC filter unit are given in Table 4.2. 
Table 4.2 Design Parameters of GAC Column  
GAC Design Parameter  Value* Unit 
Total height 
Diameter 
Effective GAC column height 
Volume of GAC in the column 
Maximum flow rate through the GAC column  
Velocity through the filter 
Empty bed contact time (EBCT) 
28 
7 
10 
385 
35 
0.91 
11 
cm 
cm 
cm 
cm
3
 
cm
3
/min 
cm/min 
min 
* Design parameters were estimated using US army corps of Engineers (2001)   
Short-term batch study to investigate the performance of biological treatment and 
GAC adsorption of Ametryn – also described in Section 4.2 
During this study, 16 MBR mixed liquor samples (250 mL) were used and different 
concentrations of Ametryn and GAC were mixed to these samples. Samples were 
denoted as “Si,j” where “ i” was the concentration of Ametryn (mg/L) and “j” was 
the quantity of GAC (g) in the sample. Four Ametryn concentrations (0, 1, 2.5 and 5 
mg/L) and different amounts of GAC (0, 0.125, 0.25 and 0.5 g) were chosen. 
Samples were placed in a mechanical shaker (150 rpm) and temperature was 
maintained at 25
o
C. Mixed liquor samples (20 mL) were taken and filtered using 
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0.45 µm membrane filters; filtrates were analysed for Ametryn concentration using 
HPLC and UV absorbance (222 nm) at 0, 6 and 18 hours.            
4.1.3 Results and Discussion 
4.1.3.1 Long-term Performance of MBR 
Figure 4.2 shows the MLSS and COD variations at four different HRTs (27.8, 15.6, 
10.4 and 7.8 hours) and a wide range of MLSS (5 to 20 g/L) before and after the 
introduction of Ametryn. Average COD removal was found to be 92 to 98 %. 
During this long term MBR operations, it was found that COD removal was not 
affected significantly by HRT because of the high MLSS concentration maintained 
in the MBR. This shows that the HRT of this MBR system can be reduced further 
(less than 7.8 hours) while maintaining over 90% removal of COD. However, 
operating the MBR at a higher flux rate than 10.5 L/m
2
/h (less than HRT of 7.8hrs.) 
was not recommended due to higher rate of fouling of membrane (Navaratna and 
Jegatheesan, 2011) beyond this flux. In order to confirm these results, a set of short-
term experiments were also carried out and most of the experimental runs 
confirmed that a 90% removal of COD could be achieved at a HRT of 4 hours and a 
MLSS of 5-10 g/L (Navaratna and Jegatheesan, 2010).  
In most occasions, when the HRTs were reduced, the MLSS increased (Figure 4.2). 
This reduction of HRT (increasing COD loading into the MBR) was very effective 
and sensitive to the increase in MLSS concentration during the initial operation of 
the MBR (0 to 50 days). It was also noted that the MLSS concentration stabilized at 
different values depending on the HRT of the MBR. It was clearly identified that 
COD removal of the MBR was not affected significantly by the introduction of 
Ametryn to the influent (1 mg/L). However, it was seen that there was a slight 
decrease in COD removal at the beginning of the introduction of Ametryn even 
though the HRT of the MBR was maintained at same value (Figure 4.2). COD 
removal improved after about two weeks. 
It was also found that MLSS concentration of the MBR increased significantly, 
immediately after the introduction of Ametryn. However, after a certain period of 
time (35 to 40 days) the MLSS concentration was reduced substantially and stayed  
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Figure 4.2 MBR Performance before and after introducing Ametryn 
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at a lower level (Figure 4.2), even the MBR was operated at a higher flow rate 
(HRT - 7.8 hr). The possible reasons for sudden fluctuation of MLSS concentration 
and changes in MBR sludge after addition of Ametryn to synthetic feed have been 
discussed in Navaratna et al. (2012a and b).     
Subsequent to the addition of Ametryn into the influent, the performance of MBR in 
the removal of Ametryn at different HRTs was monitored and the results are 
illustrated in Table 4.3. Initially the MBR was operated at a HRT of 15.6 hours and 
an average Ametryn reduction of 39% by the MBR was observed. It was also noted 
that there was a significant degradation of Ametryn concentration in the feed tank 
(acted as an anoxic reactor due to some significant biological growth) and an 
overall removal of Ametryn was recorded as 47% for an initial influent Ametryn 
concentration of 1 mg/L. In a different study, Ghosh et al. (2001) obtained a 
maximum Atrazine removal of 61.8% after 34 days (initial concentration of 1 
mg/L) from their batch test conducted under anaerobic conditions at a MLSS 
concentration of 4845 mg/L.  
Table 4.3 Ametryn removal by MBR system (feed tank-Anoxic + MBR-Aerobic) at different 
HRTs 
HRT 
(Hrs.) 
Av. MBR Influent 
Conc./ (mg/L) 
MBR effluent 
Conc./ (mg/L) 
Ametryn 
Reduction by MBR 
(%) 
Total Ametryn 
Reduction (%) 
15.6 0.8735 0.534 38.87 46.6 
   0.528 39.55 47.2 
7.8 0.7845 0.672 14.29 32.8 
   0.609 22.29 39.1 
27.1 0.766 0.338 55.87 66.2 
 0.675 0.443 34.37 55.7 
 0.762 0.551 27.69 44.9 
  0.746 0.521 30.16 47.9 
 
Subsequently, the HRT was reduced to 7.8 hours and the average removal of 
Ametryn by the MBR alone decreased to about 18% with an overall reduction of 
Ametryn was around 35%. HRT was then increased to 27.1 hours and the MBR 
removed about 30% of Ametryn recording an overall removal of 45 to 65%. 
According to our short-term MBR experiments (Navaratna and Jegatheesan, 2010), 
it was found that 50% removal of Ametryn could be achieved when the MBR was 
operated at HRT of 7.8 hours and the removal efficiency declined exponentially 
with the increase in flux through the membrane.  
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4.1.3.2 Long-term hybrid-MBR Performance 
The results in Table 4.3 indicate that biological treatment (including a limited 
adsorption onto the MLSS in the MBR) could only remove about 50% of the 
Ametryn concentration (when the influent concentration was around 1 mg/L). 
Therefore, for further treatment, the MBR system was extended by introducing an 
UV disinfection unit and a Granular Activated Carbon (GAC) filter. Several 
continuous (Table 4.3 and Table 4.4) and batch studies (Table 4.5) were conducted 
to investigate the biodegradation, the effectiveness of the UV disinfection and the 
adsorption of GAC in the removal of Ametryn.  
This hybrid system was operated at a HRT of 7.8 hours, with 1 mg/L of Ametryn 
concentration in the original MBR feed. It was found that MBR alone was capable 
of removing (biodegradation and adsorption to sludge/membrane) around 30 to 50 
% of Ametryn. Biological removal of Ametryn from the MBR was reduced with 
time and then gradually increased and stabilized. As shown by Tadkaew et al. 
(2011) for trace organic matter, higher initial removal of Ametryn could be due to 
its adsorption on to the membrane and to the sludge particles in the bioreactor. 
However, adsorption properties of Ametryn would not be very high as it is not a 
strong hydrophobic compound (Log Kow = 2.83). Removal of Ametryn due to 
adsorption was not investigated under this study and the acclimatization of 
microorganisms in the MBR to Ametryn would have been one of the main factors to 
show a stable removal (40%) at later part of this operation. 
It was found that Ametryn was not detected (below detection limit – 10 µg/L) in UV 
disinfected effluent. This may be due to the conversion of Ametryn to its metabolites, 
which may or may not be toxic as Ametryn. The nature and the impact of these 
possible Ametryn metabolites would be investigated in our future studies. During a 
study carried out by Gao et al. (2009), Ametryn degradation in UV/H2O2 process 
exhibited a pseudo first-order kinetic behaviour. They used a reactor with a 
30W/253.7 nm UV lamp and achieved an 86% of removal of Ametryn by UV alone 
(without the addition of H2O2) within 45 minutes. However, they did not analyse the 
metabolites or degradation by-products of Ametryn after their treatment.    
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Table 4.4 Ametryn removal from the Hybrid MBR system (Anoxic + MBR + UV + GAC) at a HRT of 7.8 hours (continuous operation) 
 Time/ 
(hours) 
Influent Ametryn Concentration 
(mg/L) 
 Effluent Ametryn 
Concentration (mg/L) 
 Effluent UV Absorbance at 
222nm 
 Effluent UV Absorbance at 
254nm 
Feed/Anoxic Reactor  MBR  
 
MBR UV GAC 
 
MBR UV GAC 
 
MBR UV GAC 
0 1 0.773  0.378 BDL BDL  1.669 1.624 1.582  0.097 0.079 0.017 
24 1   0.515 BDL BDL  2.118 2.064 1.987  0.093 0.051 0.013 
72 1   0.645 BDL BDL  2.220 2.169 2.106  0.104 0.065 0.019 
96 1   0.679 0.089 BDL  1.879 1.702 1.241  0.057 0.036 0.021 
120 1   0.565 BDL BDL  2.024 1.979 1.794  0.057 0.020 0.018 
144 1   0.706 BDL BDL  1.805 1.778 1.580  0.065 0.039 0.015 
168 1 0.753  0.725 BDL BDL  2.117 2.083 1.926  0.067 0.038 0.013 
192 1   0.639 BDL BDL  2.216 2.169 2.030  0.107 0.069 0.025 
216 1   0.591 BDL BDL  2.241 2.200 2.141  0.089 0.053 0.023 
240 1 0.739  0.6 BDL BDL  1.924 1.855 1.925  0.131 0.098 0.034 
BDL – Below Detection Limit (10 µg/L) 
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GAC filtration is a very effective treatment process for the removal of pesticides, 
herbicides and industrial chemicals (Areerachakul et al., 2007; Dantas et al., 2011; 
Hai et al., 2011). During our studies with HAYCOAL GI 1000 12/30 (about 10 cm 
filter height), it was found that a 100% removal of Ametryn with an empty bed contact 
time (EBCT) of 10 minutes. As the GAC filter was designed to have UV treated 
effluent, any biological growth in it was avoided and hence there was less chance for 
clogging.  
It was found that UV222 and UV254 values for MBR treated effluent are higher than 
that of UV treated effluent, which in turn higher than that of GAC filtered effluent. 
Therefore, GAC treated effluent (at final discharge from the hybrid MBR system) 
recorded the lowest UV absorbance readings at 222 and 254 nm. This confirms that 
there is a significant removal of Ametryn concentration and total organic content 
can be achieved from this MBR-UV-GAC hybrid system. It is also noted that UV 
absorbance readings for 222 nm are very high compared to UV absorbance readings 
usually obtained for the Ametryn solution (at same concentration) made out of 
distilled water (Naylor, 2010). The probable reason for higher UV readings is the 
interferences from other organic substances in MBR, UV and GAC treated water.           
4.1.3.3 Evaluation of effectiveness of GAC on removal of Ametryn   
In order to establish some firm conclusions on biodegradation and GAC adsorption 
of Ametryn, several batch studies were conducted and the results are illustrated in 
the Table 4.5.  For these studies, 16 samples (250 mL) of MBR mixed liquor (with 
and without GAC and with different concentrations of Ametryn) were used. MBR 
mixed liquor that was used for this study was obtained from the laboratory MBR 
system, which was used to treat Ametryn over 3 months, and therefore, the initial 
Ametryn concentration was recorded as 0.464 mg/L.  
As can be seen from Table 4.5, the removal of Ametryn was increased significantly, 
when the amount of GAC was increased. When there was 0.5 g/L of GAC, over 
95% of reduction of Ametryn occurred after 18 hours. Sample with higher GAC 
dosage (1 g/L) gave over 95% of Ametryn removal just in 6 hours. As expected, it 
was found that the samples with higher initial concentrations of Ametryn have a 
higher rate of removal at the initial stages. However, biodegradation alone did not 
help to reduce Ametryn concentration considerably at lower initial concentration. 
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But the removal was increased from 5% to 41% depending on the initial Ametryn 
concentration (0.5 to 5.5 mg/L) after 18 hours.  
Table 4.5 Ametryn removal by the Hybrid MBR system 
Sample 
Ametryn 
added 
(mg/L) 
GAC 
(g/L) 
Ametryn Concentration in Mixed Liquor/ (mg/L) 
0hr 6hrs 18hrs 
S0,0 0 0 0.464 0.498 0.441 
S1,0 1 0 1.463 1.078 1.034 
S2,0 2.5 0 2.963 2.235 1.882 
S3,0 5 0 5.465 3.744 3.191 
S0,1 0 0.5 0.464 0.11 BDL 
S1,1 1 0.5 1.463 0.239 0.022 
S2,1 2.5 0.5 2.963 0.693 0.117 
S3,1 5 0.5 5.465 1.345 0.247 
S0,2 0 1.0 0.464 0.049 BDL 
S1,2 1 1.0 1.463 0.109 BDL 
S2,2 2.5 1.0 2.963 0.133 BDL 
S3,2 5 1.0 5.465 0.426 BDL 
S0,3 0 2.0 0.464 BDL BDL 
S1,3 1 2.0 1.463 0.016 BDL 
S2,3 2.5 2.0 2.963 0.041 BDL 
S3,3 5 2.0 5.465 0.07 BDL 
BDL – Below Detection Limit (10 µg/L) 
 
The findings of this batch test are discussed further in Section 4.2 below. 
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4.2 Treatment performance of a hybrid MBR system in a sub-
tropical environment  
As mentioned in section 3.1.5 of Chapter 3, Laboratory-scale MBR was operated in 
a sub-tropical climatic condition (lower temperature zone) for 214 days 
continuously (Phase 2). In most occasions, mixed liquor in the bioreactor was 
maintained at 20 to 21 
o
C. MBR was adjusted to operate at a uniform flow rate of 
20 L/day with intermittent suction (twelve minutes ON and three minutes OFF) of 
permeate. As described in section 3.2 (Chapter 3), microbial composition was 
different from previous (Phase 1 MBR operation) and significant amounts of 
oligochaete worms and filamentous bacteria were found in the MBR mixed liquor 
(SI #4.5). Similar to Phase 1, MBR system was combined with the UV disinfection 
and GAC filtration (with new activated carbon) units that were used for previous 
study – Phase 1(Figure 4.1). Findings related to the treatment performnce of Phase 
2 MBR operation described in the following sections were contributed to strengthen 
the previous results of the system for its overall efficiency and individual treatment 
performance of each reactor.     
4.2.1 Long-term MBR Performance 
Long-term MBR performance was evaluated by operating the MBR system with 
and without adding Ametryn to its synthetic feed solution (Figure 4.3). Chemical 
composition of synthetic feed was maintained as shown above (section 4.1.2.2), and 
the concentration of Ametryn in feed was maintained from 1 to 4 mg/L.  
As shown in Figure 4.3, COD levels in MBR effluent reduced as predicted during 
the acclimatising phase and stayed revolving around 20 mg/L except few occasions. 
There was a prominent period, where COD levels in MBR effluent were 
significantly increased (Figure 4.4). During this period, MBR effluent turned into 
light pink shade (discussed in Chapter 3) and removal of Ametryn showed negative 
figures (Figure 4.4) indicating effluent concentrations were higher than influent 
Ametryn concentrations.        
During the first 60 days, removal of Ametryn from MBR was increased steadily 
from 12% to 88% after a slight decline only during the first 10 to 12 days (Figure 
4.4). However beyond this point, removal of Ametryn was declined rapidly and
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Figure 4.3 Variation of TMP, MLSS and MBR effluent COD concentration with time 
 
Figure 4.4 MBR Performance: Removal of Ametryn and effluent COD 
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improved the treatment performance of the system after about 20 to 30 days (Figure 
4.4).The increase of the influent Ametryn concentration did not show any impact on 
the removal efficiency of Ametryn. At the end of the operation, the removal of 
Ametryn was settled at around 40% (Figure 4.4). On the other hand, COD 
concentration of MBR effluent was also fluctuated showing a compatible trend with 
the removal of Ametryn. During the first two months after addition of Ametryn to 
the MBR feed solution, COD concentration of MBR effluent was very stable 
indicating an over 95% removal efficiency. COD concentration was then increased 
over 45 mg/L in two occasions and showed higher COD value in MBR effluent 
(Figure 4.4). After the MBR system was recovered from this malfunctioning 
situation (possible reasons for this are included in Chapter 3), COD levels of MBR 
effluent settled at 20 to 25 mg/L (around 95%).   
Unlike the hybrid MBR operation described in section 4.1.3.1 (Phase 1), the hybrid 
system consisting MBR together with anoxic feed tank, UV disinfection unit and 
GAC filter was operated at an uniform flow rate of 17 L/min (5.1 L/m2/h or 20 
L/day) during this occasion (Phase 2). Table 4.6 illustrates the biological treatment 
efficiency of anoxic feed tank and the MBR for the treatment of Ametryn.   
Average Ametryn degradation in anoxic feed tank was recorded at 19.20%, 32.57% 
and 30.89% for initial concentrations of 1, 2 and 4 mg/L respectively. This total 
degradation of Ametryn could be due to the biological degradation (consumed by 
bacteria), adsorption on to sludge, other solid materials and structures, and other 
possible degradation processes (chemical oxidation, photo-degradation, etc.). 
During these experiments, it was found that the rate of degradation of Ametryn was 
increased by 1.7 times when escalating the initial concentration of Ametryn from 1 
to 2 mg/L. However, further increase in initial concentration of Ametryn to a level 
of 4 mg/L did not show an improvement in the efficiency of decaying of Ametryn 
in the anoxic feed tank. Similar trend of removal of Ametryn was found, when 
analysing the removal efficiency of MBR. As shown in Table 4.6, it was found that 
33% of removal efficiency could be obtained at an average initial influent 
concentration of 0.81 mg/L. The removal efficiency was found to be doubled 
(66%), when the average MBR influent Ametryn concentration was 1.35 mg/L. 
However, after further increase in influent Ametryn concentration to a level of 4 
mg/L, it was found that the average removal efficiency was stabilised at 40%. The 
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malfunctioning period (Figure 4.4) of the MBR described above was the main 
reason for the reduction of average Ametryn removal from the MBR at higher 
influent concentration.                   
Table 4.6 Biological treatment of Ametryn by MBR system 
Original 
Ametryn feed 
concentration 
(mg/L) 
Ametryn 
concentration 
in MBR 
influent* 
(mg/L) 
Ametryn 
concentration 
in MBR 
effluent* 
(mg/L)  
Ametryn 
reduction from 
Anoxic feed tank 
(%) 
Ametryn 
reduction from 
MBR            
(%) 
1 0.81±0.096 0.54±0.197 19.20 33.32 
2 1.35±0.174 0.47±0.331 32.57 65.63 
4 2.76±0.207 1.67±0.083 30.89 39.69 
*Average Ametryn concentration ± SD  
Before the commencement of laboratory scale MBR (Figure 4.3), the new 
polyethylene – PE membrane was investigated for adsorption behaviour of 
Ametryn. As shown in the Table below (Table 4.7), the membrane was immersed in 
a distilled water bath consisting different concentrations of Ametryn (1.02, 2.64, 
5.22, 10.48 mg/L) for 20 hours. In order to minimise Ametryn degradation due to 
light, the experimental setup was covered by an aluminium foil and assumed that 
adsorption of Ametryn on to the container was negligible. After, 20 hours, 
membrane was physically washed with 1 L of distilled water using a clean brush 
and fingers, and obtained a sample. Samples were also obtained from initial bath 
and final bath. As mentioned above, HPLC analysis was done to analyse the 
samples for Ametryn concentrations (Table 4.7). 
Table 4.7 Adsorption of Ametryn onto the new PE membrane surface 
Sample Name 
Ametryn 
Concentration 
(mg/L) 
  Absorbance    COD 
mg/L   222nm 254nm   
Initial bath 1.02 
 
0.167 0.043 
 
32 
Final bath 0.97 
 
0.164 0.043 
 
27 
Adsorbed onto Membrane  0.05 
 
0.018 0.002 
 
2.5 
Initial bath 2.64 
 
0.424 0.107 
 
79 
Final bath 2.49 
 
0.422 0.109 
 
75 
Adsorbed onto Membrane  0.15 
 
0.045 0.011 
 
4.5 
Initial bath 5.22 
 
0.844 0.21 
 
166 
Final bath 4.9 
 
0.84 0.209 
 
145 
Adsorbed onto Membrane  0.32 
 
0.064 0.018 
 
11 
Initial bath 10.48 
 
1.724 0.443 
 
319 
Final bath 9.82 
 
1.692 0.43 
 
297 
Adsorbed onto Membrane  0.66   0.089 0.023   18 
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As shown in Table 4.7, the percentage of adsorption of Ametryn on to the 
membrane was increased depending on the initial concentration of Ametryn in the 
container. UV concentrations at wavelengths 222 and 254 also were increased 
accordingly. The percentage of adsorption of Ametryn was varied from 4.9% to 
6.3% when the initial concentration of the membrane immersing bath was increased 
from 1.02 to 10.48 mg/L. These results show that adsorption of Ametryn (Log Kow 
– 2.83) on to a new hydrophobic PE membrane is not high and the percentage of 
adsorption does not vary significantly with Ametryn concentration of the bath. 
However, the conditions would be different when the MBR membrane material is 
changed.    
Hybrid MBR system consisting anoxic feed tank, MBR, UV disinfection unit and 
the GAC filter was operated continuously for over 100 days as shown in Figure 4.4. 
During this period, MBR, UV unit and the GAC filter were individually 
investigated similar to the Section 4.1.3.2 and results are indicated in Table 4.8. 
Based on isotherm experimental results, GAC specifications and
 
U.S. army corps of 
Engineers (2001) design guide a suitable GAC column was designed and the details 
are shown in the supplementary information section (SI #3.4).      
The MBR system was operated at HRT of 15.6 hours with three different influent 
concentrations of Ametryn. Table 4.8 illustrates the Ametryn and COD 
concentrations and UV absorbance readings at wavelengths of 222 nm and 254 nm 
for some arbitrarily selected MBR, UV and GAC effluent samples of the hybrid 
system.  
Similar to our previous hybrid MBR operation (Section 4.1.3.2), Ametryn in UV 
and GAC effluent was not detected. As mentioned earlier, Ametryn could be 
converted to its metabolites during the UV process. As shown in Section 4.1.3.3, 
GAC removes Ametryn and its metabolites effectively.  
UV values (at wavelength of 222 nm - UV222) shown in Table 4.4 and Table 4.7 are 
smaller than those of in Table 4.8. The difference in UV222 values indicated in Table 
4.4 and Table 4.8 is mainly due to the change in the spectrophotometer used to 
measure these absorbance values. However, UV222 values in Table 4.6 are very 
small compared to those values in Table 4.8. Although, MBR produces high quality 
effluent, as it produces through a biochemical process, MBR effluent contains other  
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Table 4.8 Performance of the hybrid MBR system 
Influent conditions* 
Effluent Ametryn 
concentration (mg/L) 
  
Effluent COD 
concentration (mg/L) 
  UV222 for effluents 
  
UV254 for effluents 
MBR UV GAC   MBR UV GAC   MBR UV GAC   MBR UV GAC 
Original            
Ametryn – 1mg/L  
                   
Av.MBR influent 
Ametryn – 0.81 mg/L              
 
COD - 760 mg/L  
0.75 ND ND 
 
19 17 11 
 
2.9931 2.9756 2.6783 
 
0.0744 0.0357 0.0047 
0.82 ND ND 
 
18 16 07 
 
3.5765 3.5431 3.3756 
 
0.0839 0.0385 0.0053 
0.81 ND ND 
 
18 17 09 
 
3.3238 3.2594 3.0959 
 
0.0722 0.0334 0.0031 
0.68 ND ND 
 
17 16 07 
 
3.7583 3.7292 3.6588 
 
0.0816 0.0800 0.0122 
0.71 ND ND 
 
18 19 09 
 
3.7173 3.6658 3.5873 
 
0.0794 0.0383 0.0083 
0.55 ND ND 
 
16 13 10 
 
3.1589 3.1064 3.2372 
 
0.0859 0.0684 0.0041 
0.58 ND ND 
 
20 19 14 
 
3.5315 3.5955 3.2457 
 
0.0922 0.0674 0.0058 
0.34 ND ND 
 
18 16 10 
 
3.6447 3.6037 3.5922 
 
0.0669 0.0359 0.0068 
0.40 ND ND 
 
17 17 11 
 
3.3078 3.2533 3.2022 
 
0.0636 0.0322 0.0090 
0.28 ND ND 
 
19 18 12 
 
3.3686 3.2956 3.2278 
 
0.0615 0.5134 0.0279 
Original         
Ametryn – 2mg/L                 
 
Av.MBR influent 
Ametryn – 1.35 mg/L         
COD - 790 mg/L 
0.42 ND ND 
 
17 16 11 
 
3.4457 3.3390 3.2873 
 
0.0786 0.0457 0.0683 
0.28 ND ND 
 
20 18 08 
 
3.8857 3.8548 3.6877 
 
0.1339 0.0678 0.0301 
0.88 ND ND 
 
23 20 12 
 
4.1598 4.0453 3.7952 
 
0.1905 0.1242 0.0482 
0.98 ND ND 
 
33 30 20 
 
4.2795 3.9982 3.6484 
 
0.4236 0.3856 0.1066 
1.59 ND ND 
 
47 42 24 
 
4.1347 4.0325 3.6347 
 
0.3652 0.3102 0.1247 
Original         
Ametryn – 4mg/L                 
 
Av.MBR influent 
Ametryn – 2.76 mg/L         
 
COD - 830 mg/L 
2.91 ND ND 
 
35 32 23 
 
4.3046 4.0599 3.6527 
 
0.3835 0.3015 0.1430 
3.63 ND ND 
 
34 31 22 
 
4.3244 4.0163 3.4982 
 
0.3612 0.2863 0.1293 
3.81 ND ND 
 
47 40 25 
 
1.2138 1.1042 0.3307 
 
0.4188 0.3103 0.2108 
3.02 ND ND 
 
30 28 16 
 
3.2992 2.9033 1.7269 
 
0.2494 0.1457 0.0636 
2.79 ND ND 
 
26 22 13 
 
3.4531 3.0272 1.8292 
 
0.2466 0.1447 0.0629 
3.04 ND ND 
 
21 18 11 
 
3.4339 3.1579 2.5885 
 
0.2197 0.1129 0.0383 
2.70 ND ND 
 
26 24 16 
 
4.2472 3.9216 3.4465 
 
0.2987 0.2095 0.0948 
1.93 ND ND 
 
22 20 32 
 
4.1036 3.9398 3.5307 
 
0.2121 0.1386 0.3455 
1.59 ND ND 
 
24 21 34 
 
1.7011 1.1757 0.6113 
 
0.2371 0.1997 0.3580 
0.51 ND ND  17 16 11  3.7033  3.5766 3.5197  0.1049  0.8970 0.0406 
*It was noted that influent COD concentration increased significantly with increase in Ametryn dosage (ND – not detected, i.e. less than 10 µg/L) 
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organic substances, which could interfere with the measurement of UV222. This 
could be one of the reasons for higher UV222 values recorded in Table 4.8 and 
therefore, UV222 is not a preferable method of measurement for Ametryn for the 
effluents produced from biochemical processes. However, UV222 values recorded 
for MBR effluent were higher than those of UV effluent. On the other hand, UV222 
values obtained for GAC effluent were lower than those of UV effluent. This 
reducing trend also could be seen for UV254 values indicated in Table 4.8. 
Therefore as previous, it could confirm that total organic content of effluent is 
reduced along the hybrid MBR process. This pattern is also reflected from the COD 
concentrations of MBR, UV and GAC effluents as shown in Table 4.8. Therefore, it 
could again be confirmed that hybrid MBR system together with UV/GAC 
treatment is highly efficient for removal of Ametryn and other organic compounds 
in wastewater.    
4.2.2 Ametryn removal by adsorption onto MBR sludge 
Removal of Ametryn from wastewater could mainly occur through biodegradation 
and adsorption on to MBR sludge (please note that Ametryn degradation through 
volatilization, photo-degradation and other possible methods are not considered in 
this study). Unlike in conventional wastewater treatment processes, sludge is 
retained in the bioreactor for longer periods. Therefore, removal of Ametryn 
through the adsorption process could be significant in MBR systems. In addition, 
MBRs are operated at higher biomass concentrations and therefore, the importance 
of evaluation of the effectiveness of Ametryn removal by adsorption onto MBR 
sludge is high.  
Hydrophobicity refers to the physical property of a molecule that is repelled from a 
mass of water. Therefore, hydrophobic substances lead to sorption to the sludge and 
other solid materials. Bouju et al. (2008) stated that the adsorption of organic 
compounds to sludge is related to octanol-water partition coefficient (Kow, but 
generally expressed as log Kow) and usually estimated using adsorption isotherms 
(commonly Freundlich equation – Table 2.18 of chapter 2). As illustrated in Table 
2.5 of Chapter 2, log Kow for Ametryn is 2.83. According to Rogers (1996), for 
compounds with log Kow less than 2.5, the sorption to activated sludge is not 
expected and therefore, the contribution of removal of such substances through 
excess sludge discharge is very small. Compounds with log Kow between 2.5 and 4.0 
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are adsorbed to sludge moderately and the ones having log Kow higher than 4.0 are 
expected to have high sorption potential. On the other hand, Tadkaew et al. (2011) 
used log D value to define the hydrophobicity of trace organic contaminants. They 
stated that if log D value is over 3.2 (at pH of 8.0), then the substance is very 
hydrophobic. Wells (2006) also define the hydrophobicity of compounds based on 
log D value at a given pH. According to Tomlin (1994) and Wick et al. (2011) 
indicated that log D value of Ametryn is 2.6 and therefore, Ametryn is not very 
hydrophobic.  
A batch study was conducted to evaluate the biodegradation and adsorption 
efficiency of Ametryn onto MBR sludge. Four samples of 250 mL MBR mixed 
liquor (used to treat Ametryn for over 5 months) was filled into 500 mL sample 
flasks and numbered them as #1, #2, #3 and #4. Another 250mL sample of mixed 
liquor was preserved at -20 
o
C in a freezer for further analysis of the initial 
conditions of sludge (MLSS/MLVSS, EPS, initial Ametryn concentrations in liquid 
phase and adsorbed on to sludge, etc.). Sample #1 was taken as the control sample. 
Different Ametryn amounts (from the stock solution with 160 mg/L) were added to 
other samples. Each sample was stirred gently for about 30 seconds and 25 mL of 
mixed liquor was collected from each sample flask (at time point 0). The four 
sample flasks were covered with aluminium foil to avoid any decay due to light and 
placed in a mechanical stirrer set to 150 rpm. Samples (25 mL) were extracted at 
12, 36, 60, 84, 180 and 300 hours from each sample flask. At the last time point, 
remainder mixed liquor samples were also analysed for EPS, MLSS and MLVSS. 
In order to extract Ametryn from sludge (adsorbed), the method stated by Weaver et 
al. (2004) was used. Sludge samples ( TV - 25 mL) obtained from each flask at the 
time points specified above were centrifuged at 6000 g (7000 rpm approximately as 
per JA-20 rotor; J1-M2 Beckman centrifuge) for 10 minutes. Supernatant was 
decanted ( LV ), filtered using 0.45 µm membrane filter and analysed for Ametryn 
using HPLC method (Ametryn concentration in the liquid phase). Then the 
sediment portions were resuspended using 20 mL 100% methanol and allowed the 
samples (covered with an aluminium foil) to mix in a mechanical shaker (at 150 
rpm) for 20 hours. Then the samples were centrifuged again at 7000 rpm for 10 
minutes. Then supernatant was decanted ( SV ), filtered using 0.45 µm membrane 
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filter and analysed for Ametryn using HPLC method (Ametryn concentration in the 
sludge phase). 
This batch test was conducted with Ametryn as the sole nutrient supply for the 
microorganisms. According to the results illustrated in Table 4.9(a), in all four 
samples, Ametryn concentrations in the liquid phase were reduced with time. It was 
also found that the amount of Ametryn in MBR sludge decreased along the progress 
of the batch test. Initial amount of Ametryn in MBR sludge in the control sample 
was recorded as 0.1186 mg/g-MLVSS, indicating that a significant amount of 
Ametryn was in sludge at the time of obtaining sludge from the MBR (operated at 
20 L/day with initial average influent Ametryn concentration of 2.76 mg/L) 
However, rather than accumulating or adsorbing Ametryn onto sludge, it showed a 
decaying trend of Ametryn in both liquid and sludge phases. Results of this 
experiment shows that Ametryn is not adsorbed onto activated sludge significantly 
probably due to its less hydrophobicity and toxicity for microorganisms. As 
described in Section 4.1.4.1, in one occasion during long-term MBR operation, it 
was found that Ametryn was suddenly released (desorbed) from sludge to the liquid 
phase resulting high concentration of Ametryn in MBR effluent (Table 4.8 and 
Figure 4.4) and mixed liquor supernatant (results not shown here). However, in real 
situation, concentration of Ametryn in wastewater or agricultural discharges is very 
small compared to our experimental concentrations. Therefore, the occurrence of 
sudden desorption of such toxic substances from sludge (probably due to toxicity) in 
wastewater treatment would be very rare. 
As shown in Table 4.9(a), initial Ametryn concentrations in supernatant of four 
samples #1, #2, #3 and #4 were 1.31, 2.34, 3.28 and 5.34 respectively. It was found 
that the percentage of removal of Ametryn through biodegradation after 12 hours 
was increased (18% to 54% when the initial concentration increased from 1.31 to 
5.34 mg/L) with the increase of initial concentration of Ametryn of the sample flask 
(Table 4.9(b)). However, after 36 hours, the removal percentages of Ametryn from 
supernatant of all samples were equal (around 80%). Although, Samples #3 and #4 
showed higher removal at 12 hours, Samples #1 and #2 reached 100% removal of 
Ametryn from their supernatant before Samples #3 and #4. By this batch test, the 
recorded efficiency of Ametryn removal through MBR (40%) at HRT of 15.6 hour 
during continual operation is confirmed. Referring to the results of our previous 
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batch test (Table 4.5), biodegradation of Ametryn (samples without GAC) was 
varied from 29% to 41% after 18 hours, when increasing the initial Ametryn 
concentration from 1.463 to 5.465 mg/L. Compared to the results of our present 
study with these results, it could be seen that a slightly higher removal of Ametryn 
at lower initial concentration and lower removal at higher initial concentration. 
However, the dissimilarity of results of these two batch tests is not significant and 
this kind of a distinction in rate of biodegradation of Ametryn is possible as the 
nature and the microbial composition of MBR sludge was different in two 
occasions. 
As mentioned before, accumulated Ametryn onto MBR sludge also reduced with 
time depicting different rates depending on the initial amount (Table 4.9(b)). Unlike 
in the previous occasion described in Section 4.1.3.3, the control sample (#1), 
which had the lowest initial amount of Ametryn (0.1186 mg/g-VSS), showed the 
highest removal (64%) of Ametryn by sludge after 12 hours.  On the other hand, the 
sample with the highest initial amount of Ametryn showed the lowest removal 
(21%) after 12 hours. This finding shows that the microorganisms in MBR sludge 
prefer to consume organic matter (in this case Ametryn) in liquid phase. However, 
when the concentration of organic substances in liquid phase is low, 
microorganisms are forced to consume the organic materials adsorbed on to sludge.  
Table 4.9(c) shows the initial and final parameters (after 300 hours) of MBR sludge 
that was used for this batch study in terms of EPS (proteins and carbohydrates), 
MLSS and MLVSS. In control sample (#1), MLSS and MLVSS concentrations 
were increased slightly by 2.75% and 3.95% respectively and the corresponding 
MLVSS/MLSS ratio also increased from 0.955 to 0.966. In all other cases (samples 
#2 to #4), MLSS and MLVSS were reduced by 8 to 11%, but maintained the 
MLVSS/MLSS ratio around 0.95. Therefore, the results do not support to show that 
Ametryn is toxic to microorganisms in MBR sludge, which was already 
acclimatized to Ametryn (used in MBR for treating Ametryn for over 3 months). 
However, this result could have been different for ordinary activated sludge that 
was not used for treating Ametryn before. On the other hand, protein and 
carbohydrates in MBR sludge were also investigated during this batch study. It was 
found that carbohydrate concentrations in SMP were increased by 2.36 to 3.79 
times, when the initial concentration of Ametryn in the liquid phase of batch  
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Table 4.9 (a) Batch study results: (a) Ametryn removal through biodegradation and adsorption to sludge; (b) Ametryn removal (%) through biodegradation and 
adsorption to sludge; (c) Initial and final sludge conditions 
Sample 
Number  
Concentration of Ametryn in the liquid phase of mixed liquor at 
different time points (mg/L)  
Amount of Ametryn adsorbed to sludge at different time points   
(mg/g-VSS) 
  0 12 36 60 84 180 300   0 12 36 60 84 180 300 
1 
 
1.31 1.07 0.25 0.10 0.04 0.00 0.00 
 
0.1186 0.0425 0.0061 0.0091 0.0060 0.0010 0.0010 
2 
 
2.34 1.40 0.39 0.14 0.05 0.00 0.00 
 
0.1216 0.0559 0.0123 0.0103 0.0062 0.0011 0.0011 
3 
 
3.28 1.58 0.55 0.17 0.05 0.03 0.02 
 
0.1237 0.0702 0.0195 0.0104 0.0063 0.0011 0.0011 
4   5.34 2.44 0.88 0.31 0.11 0.06 0.04   0.1257 0.0996 0.0317 0.0185 0.0093 0.0021 0.0011 
Table 4.9(b)  
Sample 
Number 
  Removal of Ametryn from the liquid phase (%)   Removal* of Ametryn from sludge (%) 
  0 12 36 60 84 180 300   0 12 36 60 84 180 300 
1 
 
0.00 18.32 80.92 92.37 96.95 100.00 100.00 
 
0.00 64.16 94.90 92.37 94.93 99.17 99.18 
2 
 
0.00 40.17 83.33 94.02 97.86 100.00 100.00 
 
0.00 54.00 89.89 91.51 94.87 99.12 99.08 
3 
 
0.00 51.83 83.23 94.82 98.48 99.09 99.39 
 
0.00 43.20 84.22 91.62 94.93 99.12 99.08 
4   0.00 54.31 83.52 94.19 97.94 98.88 99.25   0.00 20.72 74.76 85.25 92.58 98.31 99.13 
*Under batch conditions with Ametryn as the only nutrient supply, amount of Ametryn in sludge decreased with time 
Table 4.9(c)  
Sample 
Number 
  Initial conditions   Final conditions 
  
MLSS MLVSS SMPc SMPp eEPSc eEPSp 
Total 
EPS/MLVSS   
MLSS MLVSS SMPc SMPp eEPSc eEPSp 
Total 
EPS/MLVSS 
1 
 
8263 7893 6.96 52.14 355.50 2277.16 0.34 
 
8490 8205 23.36 37.50 334.30 1379.98 0.22 
2 
 
8263 7893 6.96 52.14 355.50 2277.16 0.34 
 
7535 7185 24.75 34.31 358.01 1488.53 0.27 
3 
 
8263 7893 6.96 52.14 355.50 2277.16 0.34 
 
7355 7035 26.52 28.06 370.68 1546.35 0.28 
4   8263 7893 6.96 52.14 355.50 2277.16 0.34   7540 7275 33.32 26.40 386.10 1658.25 0.29 
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samples was increased from 1.31 to 5.34 mg/L. However, carbohydrates 
concentration in eEPS was not significantly changed during this batch test.   
On the other hand, protein concentrations of SMP and eEPS were reduced from 30 
to 50% and 39 to 27% respectively, when the initial concentration of Ametryn in 
the liquid phase of batch samples was increased from 1.31 to 5.34 mg/L. As shown 
in Table 4.9(c), due to significant reduction in the protein concentration of eEPS 
(major component of total EPS), total EPS/MLVSS ratio of MBR sludge showed a 
significant reduction after this batch test, but increased slightly with initial Ametryn 
concentration in the sample. Although the total EPS production showed a reduced 
trend, production of carbohydrates in SMP was significantly correlated with the 
increase of Ametryn concentration. This implies that dosing Ametryn into the 
bioreactor leads to produce more carbohydrates in SMP, which is considered as a 
major substance that cause fouling of membrane.                                         
4.2.3 Existence and removal of EPS components during treating 
Ametryn from a MBR system 
Table 4.10 illustrates the existence and removal of proteins and carbohydrates in 
randomly selected MBR synthetic feed (approximately 24 hours old having some 
microbial growth under anoxic conditions), SMP (free EPS) of MBR mixed liquor 
and MBR effluent samples. Although, firm trends were not seen in the variations of 
proteins and carbohydrates shown in Table 4.10, it was found that the production of 
protein is dominant in the feed tank under anoxic conditions ranging the protein to 
carbohydrates ratio from 4.2 to 6.2. Therefore, the production of protein could have 
contributed considerably to the protein concentration in SMP of mixed liquor in the 
bioreactor. By evaluating the EPS components of MBR effluent, it was found that 
carbohydrates were effectively removed from the microfiltration of the MBR 
process except few occasions whereas proteins were often passed through the 
membrane (0.4 µm). It was also found that partially fouled membrane retains 
carbohydrates at a much higher rate and increase the rate of fouling of membrane to 
decrease the permeate flux (permeability) and increase the TMP (membrane 
resistance) rapidly.  
These results confirm that carbohydrates are more responsible for fouling of 
membrane. Similar results were found by number of MBR researchers in past and it 
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is interesting to research further to find the reasons for this. Possibly, the shapes and 
dimensional sizes of carbohydrate structures (commonly found in MBR activated 
sludge) and membrane properties could be reasons for this.  
A study carried out by Al-Halbouni et al. (2009) to investigate the occurrence and 
composition of extracellular lipids and polysaccharides (carbohydrates) in full scale 
MBR found that microbial polysaccharides with high molecular weight (over 10 
kDa) are   rejected by the membrane (PVDF, 0.04 µm) and only partly enriched 
with the membrane fouling layer. During another study by Arabi and Nakhla (2008) 
also found that the rejection of carbohydrates in SMP was much greater than 
proteins in SMP. They found that the rejection of carbohydrates in SMP was very 
high (63%) reflecting that the retention of high molecular weight (over 100 kDa) 
from the ultrafiltration membrane (0.047 µm), when MBR was fed with the influent 
having highest protein/carbohydrate ratio (8/1). 
In this study, they found that influent protein/carbohydrate ratio did not positively 
correlate to the concentration of carbohydrates in the bioreactor. Apart from this 
study, Bin et al. (2008), Pan et al. (2010), and van den Brink et al. (2011) also found 
that polysaccharides as the most important membrane foulant in MBRs indicating 
that higher retention of polysaccharides from membranes. In a recent study by Gao 
et al. (2011) investigated the cake structure using control laser scanning microscopy 
(CLSM) and found that the ratio of proteins to polysaccharides in EPS decreased 
from top to bottom layers. This implies that more polysaccharides retained by the 
membrane at initial stages of MBR operations leading to fouling of membrane. 
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Table 4.10 Production and removal of EPS components during MBR process 
Influent and operating 
conditions 
Average MBR feed* EPS 
concentration (mg/L) 
  
Free EPS concentration in 
MBR mixed liquor (mg/L) 
  
MBR permeate EPS 
concentration (mg/L)  
Removal from MBR - 
0.4µm (%) 
Protein Carbohydrates   Protein Carbohydrates   Protein Carbohydrates 
 
Protein Carbohydrates 
COD - 760 mg/L, Ametryn - 1  
mg/L, HRTfeed - 24 hrs, HRTMBR 
- 15.6 hrs 
129.33 
  
27.77 
  
 
6.05 67.11 
 
5.90 1.03 
 
2.48 98.47 
 
15.64 15.07 
 
14.90 1.40 
 
4.71 90.68 
  27.92 36.58   27.25 1.20   2.42 96.71 
COD - 790 mg/L, Ametryn - 2  
mg/L, HRTfeed - 18 hrs, HRTMBR 
- 15.6 hrs 
  
119.07 
  
19.34 
  23.21 5.88   22.91 1.68   1.31 71.41 
 
30.61 4.43 
 
29.23 1.78 
 
4.50 59.79 
 
24.81 5.26 
 
24.11 1.61 
 
2.83 69.47 
  21.23 5.86   20.79 4.74   2.05 19.08 
COD - 830 mg/L, Ametryn - 4  
mg/L, HRTfeed - 18 hrs, HRTMBR 
- 15.6 hrs 
  
167.00 
  
  
29.88 
  
  13.45 4.73   12.65 3.84   5.91 18.92 
 
12.78 6.34 
 
12.11 5.14 
 
5.25 18.88 
 
12.11 7.65 
 
11.57 0.98 
 
4.46 87.21 
 
16.31 9.90 
 
15.56 2.08 
 
4.61 78.97 
  51.13 7.24   47.36 2.10   7.38 70.96 
COD - 700 mg/L, Ametryn - 0  
mg/L, HRTfeed - 48 hrs, HRTMBR 
- 27.1 hrs 
142.28 
  
24.12 
  
 
65.09 10.81 
 
59.19 2.33 
 
9.06 78.42 
 
20.20 13.45 
 
19.06 2.51 
 
5.64 81.35 
  21.40 29.78   20.29 5.49   5.17 81.55 
*feed with 24 to 48 hours old and with some microbial growth (anoxic) 
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4.2.4 Overall impact on production of EPS fractions by introducing 
Ametryn 
Figure 4.5 and 4.6 shows the variations of overall SMP and eEPS of MBR mixed 
liquor with original concentration of Ametryn in feed wastewater during Phase 2 
MBR operations. It was found that SMP concentration was increased notably once 
Ametryn was introduced (1 mg/L) to feed. During the period of MBR operation 
with 1 mg/L of Ametryn in feed, it was observed that high fluctuation in SMP 
concentration with a standard deviation of 25.57. In both Tropical and sub-tropical 
MBR operations, after addition of Ametryn, the bioreactor was biologically 
unstable for a certain period, which is defined as the “transition period”, and found 
that microbes release high amounts of soluble polymeric substances within this 
time. During the MBR operation with 2 mg/L of Ametryn in feed wastewater, it 
showed a considerably low and stable SMP production with a very small standard 
deviation. However, further increase of Ametryn to the bioreactor increased the 
SMP production as shown in Figure 4.5.         
 
Figure 4.5 Variation of overall SMP concentration ± SD with Influent Ametryn concentration   
According to Figure 4.6, it could be seen that a reduction of eEPS production during 
the MBR operation with 1 mg/L of Ametryn. However, further increase of Ametryn 
concentration in feed resulted in increasing the amounts of bound EPS in MBR 
mixed liquor.    
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Figure 4.6 Variation of overall eEPS concentration ± SD with Influent Ametryn concentration 
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4.3 Impact of herbicide Ametryn on microbial communities in 
mixed liquor of a membrane bioreactor (MBR)   
4.3.1 Introduction 
Ametryn (2-ethylamino-4-isopropylamino-6-methyl-thio-s-triazine) is a second 
generation herbicide that is widely used to control pre and post emergence of 
broadleaf and grass weeds in farmlands planted mainly with maize, pineapple, 
popcorn and sugarcane (Gao et al., 2009). This sulphur-containing triazine 
herbicide is commonly used in sugarcane farmlands located in Great Barrier Reef 
(GBR) catchment in Queensland, Australia. The environmental protection agency 
(EPA) classifies Ametryn as a Class III herbicide (moderately toxic to fish, large 
mammals and humans), but highly toxic to crustaceans and molluscs (Hurley et al., 
1998). Ametryn is generally produced in white powder form and it has a half life of 
53.2 days in aerobic soils with an adsorption coefficient (Koc) of 3.45 (Farré et al., 
2002).  Ametryn residues in soil leach vertically and laterally with leaching 
potential of 6.9 (Jacomini et al., 2009) during high rainfall (diffused pollution), 
discharge from collection/recycle ponds and conventional wastewater treatment 
plants (point source pollution) to waterways. Ametryn shows a relatively higher 
solubility in water (185 mg/L) and it dissolves readily in solvents such as acetone 
and methanol. Molecular weight of Ametryn (C9H17N5S) is 227.33 g/mol.  Ametryn 
is persistent and bio-accumulating in the environment, and causes a significant 
impact to ecosystems and marine life. A comprehensive literature review on 
existence, impacts, transport and treatments of herbicides in GBR catchments in 
Australia was published earlier (Navaratna et al., 2010). Although there are a 
significant number of publications produced on herbicides including Ametryn, the 
number of studies carried out on Ametryn alone is few. Out of them, Farré et al, 
2002 studied the toxicity of Ametryn after biodegradation and compared it with 
methomyl.  They found that Ametryn and its four metabolites found during their 
study were more persistent and toxic to V. fischeri than methomyl. During their 
biodegradation batch studies using activated sludge, they achieved 94% removal of 
Ametryn in 18 days. In another study, Jacomini et al. (2009) investigated Ametryn 
in river water, river sediment and bivalve mussels in northeast region of São Paulo 
state, Brazil. Gao et al. (2009) studied Ametryn degradation in the UV irradiation 
and hydrogen peroxide treatment and Xu et al. (2009) studied Ametryn degradation 
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by aqueous chlorine. Although several studies have been conducted to evaluate the 
degradation of aquatic Ametryn by physiochemical processes in the past, the 
membrane bioreactor (MBR) process, which consists of biological treatment and 
membrane filtration, has not been used to investigate the removal of Ametryn in 
wastewater so far. 
Although not much MBR research work has been carried out for highly persistent 
organic pollutants such as herbicides and pesticides, a significant number of 
research projects have been carried out related to the treatment and removal of 
moderately persistent trace organic compounds such as pharmaceutically active 
compounds (Avella, et al., 2010; Quintana et al., 2005; Cirja et al., 2007; Nghiem et 
al., 2009), surfactants, industrial chemicals (Tadkaew et al., 2010) and micro-
pollutants (Wever et al., 2007; Katsou et al., 2011) from wastewater. In addition, 
Chang et al. (2011) analysed the microbial community of their aerobic nitrifying-
denitrifying MBR treating ABS resin using 16s rDNA molecular approach.   
This paper describes some of the findings related to the impact of Ametryn toxicity 
on biomass (MLSS) and Extra-cellular polymeric substances (EPS) production of 
the lab-scale MBR due to the inhibition on microbial communities and during its 
long and short term operations. This paper also presents the findings of a batch 
study that was carried out to evaluate the biodegradation of Ametryn, to investigate 
the effectiveness of Granular activated carbon (GAC) on removal of Ametryn and 
to study the nature and behaviour of microorganisms in MBR mixed liquor under 
different Ametryn and GAC concentrations.    
4.3.2 Materials and Methods 
4.3.2.1 Experimental Setup 
MBR continuous studies 
MBR data and results presented in this paper were obtained from the laboratory-
scale MBR system shown in Figure 4.7. The hydraulic capacities of the feed tank 
and the MBR were 50 and 15 L respectively. A hollow fibre polyethylene (PE) 
membrane module (pore size 0.4 µm, effective area 0.2 m
2
) was submerged in the 
MBR reactor. A central air compressor was used to supply air to the MBR for 
aeration and membrane scouring. This system consists of air regulators and valves, 
202 
 
an air flow meter and perforated PVC manifold approximately with 20 holes 
(diameter from 1 mm to 1.5 mm), which was installed at the base of the MBR. A 
standby portable air compressor was also used for emergency situations. Peristaltic 
pumps were used to feed the MBR tank at a uniform feed rate and to pump out 
permeate (treated effluent) from the MBR through the membrane. A vacuum 
pressure gauge was fitted to measure TMP (Figure 4.7). Peristaltic pumps were 
connected to an electronically controlled timer to operate them intermittently (12 
minutes “on” and 3 minutes “off”). One of these pumps was used when required for 
backwashing the membrane with treated water, which has very low turbidity. MBR 
effluent was sent through an UV disinfection unit (UVS Ultra Violet Pty Ltd, 
Australia) and a GAC (HAYCOAL GI 1000 12/30 – supplied by Haycarb Limited, 
Sri Lanka) filter. 
 
Figure 4.7 Experimental setup 
Synthetic wastewater was fed to the MBR system during continual operations and 
consists of Glucose (C6H12O6 – 710 mg/L), Ammonium acetate (CH3COONH4 – 
200 mg/L), Sodium hydrogen carbonate (NaHCO3 – 750 mg/L), Ammonium 
chloride (NH4Cl – 30 mg/L), Potassium di-hydrogen phosphate (KH2PO4 – 
30mg/L), Potassium hydrogen phosphate (K2HPO4 – 60 mg/L), Magnesium 
sulphate (MgSO4.7H2O – 50 mg/L), Calcium chloride (CaCl2.2H2O – 30 mg/L) and 
Sodium chloride (NaCl – 30 mg/L). In addition to these chemical compounds, a 
dose of 1 mg/L of Ametryn was added to synthetic wastewater. In order to prepare 
Ametryn stock solution, a precisely measured quantity of Ametryn was dissolved in 
methanol, mixed with distilled water and then methanol was evaporated using a 
rotary evaporator (Buchi Rotavapor R-200). COD concentration of synthetic feed 
wastewater was around 700±50 mg/L. 
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Chemical cleaning of the membrane was carried out as per the procedure stated by 
the manufacturer by immersing, bubbling and backwashing the membrane using 3 
g/L of NaOCl solution. Permeate temperature was fluctuated between 20
o
C and 
28
o
C during this study. The Dissolved oxygen (DO) concentration of mixed liquor 
in the bioreactor was maintained around 2.0±0.5 mg/L (air flow rate around 10 to 
15 L/minute). Generally, sludge was not wasted intentionally and therefore, the 
sludge retention time (SRT) is considered as infinite. However, occasionally, sludge 
overflowed due to rapid decline of membrane flux when the membrane is fouled 
severely. Further, around 300-400 mL of mixed liquor was used weekly for analysis 
of MLSS and EPS.  
Batch Studies 
As shown in Figure 4.8, 250 mL of MBR mixed liquor (used for continual Ametryn 
operational studies for over 3 months) was measured into each of 16× 500 mL 
culture flasks. In order to evaluate the original condition of MBR mixed liquor, a 20 
mL sample was preserved with no additives. Different amounts of Ametryn (0, 1, 
2.5 and 5 mg/L) and GAC (0, 0.125, 0.25 and 0.5 g) were added to the culture 
flasks according to the matrix shown in Figure 4.8 (Si,j; i= Ametryn concentration in 
mg/L, j=Amount of GAC in g/250 mL).  
 
 
Figure 4.8 Sample array of the batch study 
Immediately after dosing Ametryn to S1,0, S2,0, S3,0, 20mL samples were obtained 
from those culture flasks (at time point 0) for measuring Ametryn concentrations. 
Subsequent to the dosing of Ametryn and GAC, mixed liquor cultures (16) were 
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incubated at 25 °C with shaking at 150 rpm for 90 hours. Samples were obtained at 
time points of 6 hrs, 18 hrs, 42 hrs, 66 hrs and 90 hrs for laboratory experiments.      
4.3.2.2 Experimental methods 
MBR measurements 
MBR system, which is shown in Figure 4.7, was continuously operated for nearly 
500 days at different influent feed rates and operating conditions. During these 
studies, dissolved oxygen (DO), pH and turbidity were measured using YSI DO 200 
dissolve oxygen meter, WP-80 TPS pH and temperature meter and HACH 2100P 
turbidimeter respectively. Biomass concentration in terms of mixed liquor 
suspended solids (MLSS) concentration was analysed using the standard methods 
for the examination of water and wastewater (American Water Association, 21
st
 
edition, 1985). COD measurements were carried out adopting Photometric method 
using MERCK Spectroquant COD cell test kits and Thermo-reactor TR-320. 
Extracellular polymeric substances (EPS) extraction was carried out using the same 
method stated Navaratna and Jegatheesan (2011). Soluble microbial products – free 
EPS (SMP) and bound EPS (eEPS) Protein and Carbohydrate concentrations were 
determined by using Lowry method (Lowry et al., 1951) with bovine serum 
albumin as reference and Dubois et al. (1956) method with glucose as standards 
respectively. Concentration of Ametryn in the influent and effluents (treated after 
MBR, UV disinfection and GAC filtration) was measured using High Performance 
Liquid Chromatography (HPLC) analysis. Diluted Sludge Volume Index (DSVI) 
was estimated by diluting the mixed liquor by four folds, allowing solids to settle 
for 30 minutes in a 1 L measuring cylinder. UV absorbance at 222 nm and 254 nm 
was measured for MBR, UV disinfected and GAC effluents. Even though the lab-
scale hybrid MBR system was not designed to remove nutrients, effluent nitrate 
(NO3
-
) and phosphate (PO4
3-
) concentrations were also measured regularly, using 
HACH DR/890 colorimeter.   
Gram stain and dilution count 
Gram stain and dilution counts were carried out for the mixed liquor samples 
extracted from the batch test described in section 4.3.2.1. Samples were taken for 
quantifying of microbes and Gram stain analysis prior to addition of Ametryn and 
GAC.  20 mL samples were also collected in 50mL falcon tubes from all 16 culture 
flasks at 6, 18, 42, 66 and 90 hours post-induction. A smear on a glass slide was 
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made of each sample for Gram staining. Each sample (including the no additive 0 
time point) was serially diluted from 10
-2
 to 10
-6
 in M9 salts. Samples were then 
spread on specific plate count agar in 100 µL aliquots in triplicate.   Plates were 
allowed to dry and then incubated for 18 hours in a 30°C incubator. Colony 
morphology was recorded and colony counts were carried out separately for each 
colony type.  Gram stains were performed on bacterial colonies of varying colonial 
morphology to identify bacterial types. Enumeration of each bacterial type was 
performed according to the following formula: 
vS
dfn
N

  
Where N is the number of units/ml of bacterial types in the sample, n  is the 
number of colony forming units, df is the sample dilution factor and vS  is the 
sample volume. 
When the bacterial count was recorded as zero, a value of 500 was assumed for 
graphical and statistical analysis. This value was assumed based on a value of half 
the detection limit of the dilution count protocol. As the highest concentration of 
mixed liquor plated was 1:100 in a 100 µL volume, the detection limit was taken as 
1000 cfu/ml.  Bacterial counts were transformed to log10 scale to produce 
homogeneous variances and normalize the data for analysis by repeated measures 
ANOVA. Statistical differences were identified at the P=0.05 level.   During this 
statistical analysis, low GAC (0.0, 0.125 g) and high GAC levels (0.25, 0.5 g) were 
pooled to examine higher-level interaction effects which could not otherwise have 
been tested.  
4.3.3 Results and Discussion 
4.3.3.1 Impact on biomass (MLSS) and EPS production  
In MBR, biochemical and biomass separation (membrane filtration) processes are 
integrated into a single process. Therefore, during the biochemical stage, organic 
carbon and nutrients are removed from wastewater by microorganisms. There is a 
complex and a large array of microorganisms in activated sludge in a bioreactor 
consisting prokaryotes (bacteria), eukaryotes (protozoa, nematodes and rotifers) and 
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viruses (Radjenović et al., 2008). During this biochemical process, new biomass 
(sludge/microorganisms) is generated continuously with the consumption of feed 
organic substances while decaying some biomass by endogenous respiration (all 
forms of biomass loss). Endogenous respiration is very favourable in MBR 
processes as they operate at higher biomass concentrations and limited supply of 
energy (food). Therefore, the observed biomass production is lower in MBRs 
compared to activated sludge processes (ASP), which are generally operated at 
lower MLSS.  
After addition of Ametryn to MBR feed, it was found that biomass production after 
a transition period (first 40 days after addition of Ametryn) was significantly low. 
During the transition period, MLSS and EPS concentrations in MBR mixed liquor 
were fluctuated differently (not discussed in this paper). Figure 4.9 shows the 
incremental production of MLSS in two phases of MBR operations at 2.15 g-
COD/L/day before and after addition of Ametryn. The two graphs in this figure 
clearly explain the impact of Ametryn on biomass production. Before introduction 
of Ametryn, there was an increasing trend (~0.143 g/day) of production of 
incremental biomass approaching a steady state. After addition of Ametryn, the 
pattern of biomass production was changed dramatically and showed a stable level 
of biomass (a balance of biomass production and decay) in the bioreactor revolving 
around 6.75 g/L. This finding confirmed that Ametryn toxicity influenced the 
activity of microbial function and probably reduced the numbers of microbial 
species that contribute more on higher rate of growth of biomass. Delgado et al. 
(2010) also found that cyclophosphamide and its principal metabolites (CPs) were 
influenced on the reduction of sludge production due to inhibitory effect on 
microorganisms because of the toxicity of CPs.  
EPS are considered as main building materials in forming microbial aggregates 
such as biofilms, flocs and mixed activated sludge liquors (Le-Clech et al., 2006).  
In addition to these, microorganisms use EPS as a protection barrier. EPS is a 
general term used for different classes of macromolecules such as carbohydrates, 
proteins, nucleic acids, lipids and other polymeric substances found external 
surfaces of cells and intercellular spaces of microbial aggregates. 
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Figure 4.9 Incremental biomass production before and after addition of Ametryn 
EPS are produced by secretion of active biomass, shedding of cell surface and cell 
lysis. Deposition and formation of EPS biofilm on the membrane surface is 
considered as the most significant impact on EPS production due to addition of 
Ametryn. Figure 4.10(a) shows variations of carbohydrate factor affecting for 
fouling of MBRs. Therefore, the interest to study on impact of EPS concentration 
on fouling of membrane in MBRs is high (Malamis and Andreadakis, 2009). This 
study also evaluated carbohydrate and protein (main fractions of EPS) 
concentrations with MLSS before and after addition of Ametryn. It was found that 
both protein and carbohydrates increase at almost same rate with MLSS. However, 
these concentration values increased significantly after addition of Ametryn. 
Variation of protein concentration with MLSS before Ametryn shows a linear trend 
with a higher r
2
 value of 0.815 and linear trends with lower r
2
 values of 0.397, 
0.323 and 0.242 for carbohydrates before Ametryn and protein and carbohydrates 
after Ametryn respectively. Figure 4.10(b) shows steady increasing trends of protein 
and carbohydrates in EPS with total EPS for both cases (before and after addition of 
Ametryn) and they show linear trends with high r
2
 values. Similar results were 
found by Reid et al. (2008) during their study based on five full scale submerged 
MBRs.  
208 
 
 
 
 
 
Figure 4.10 Variation of EPS protein and carbohydrate concentrations with (a) MLSS and (b) 
Total EPS before and after addition of Ametryn 
These results confirm that protein is the dominant component of EPS and it reduces 
from 77.5% to 74.2%, while carbohydrate concentration increases from 22.5% to 
28.5% (protein to carbohydrate ratio decreases from 3.45 to 2.6) after addition of 
Ametryn (1 mg/L) to MBR synthetic feed (COD ~ 750 mg/L). Xuan et al. (2010) 
also found that protein is the major component of EPS. On the other hand, Dvořák 
et al. (2011) found that carbohydrates were the dominant component of soluble 
microbial products (free EPS – SMP) attached to the membrane.     
(b) 
(a) 
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These changes to MBR sludge after adding Ametryn (elevated EPS: MLSS ratio) 
resulted a higher rate of fouling of membrane (Navaratna and Jegatheesan, 2010; 
Wu et al., 2011).   
4.3.3.2 Long term performance of MBR  
Although the addition of Ametryn has changed the sludge conditions in the 
bioreactor, a higher removal COD (>95%) was recorded (Figure 4.11). A slight 
decrease in COD removal was recorded immediately after addition of Ametryn; 
however, it was improved and stabilized within 2 weeks.  
 
Figure 4.11 Overall performance of permeate COD removal (%) and Ametryn removal (%) 
during long-term experiments 
Ametryn acts as a carbon (nutrient) source to microorganisms in the bioreactor. In 
our case, Ametryn concentration in synthetic wastewater (COD ~ 750 mg/L) is 
negligible (1 mg/L) and microbes prefer to consume easily biodegradable 
substances in the feed. During our long-term experiments, it was found that 
Ametryn is removed from both anoxic feed tank and MBR. Some of the results 
obtained for different HRTs are tabulated in Table 4.11. It shows that increasing 
HRT improves the removal of Ametryn from the MBR significantly.  It was also 
found that the optimum removal of Ametryn recorded at HRT of 15.6 hrs (20 
L/day). 
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Table 4.11 Biological treatment of Ametryn from anoxic feed tank and MBR 
HRT 
(MBR-
Aerobic)/ 
(hrs.) 
HRT (Feed 
Tank-
Anaerobic)/ 
(hrs.) 
MBR 
influent 
concentrati
on/ (mg/L) 
MBR effluent 
concentratio
n/ (mg/L).  
Ametryn 
Reduction 
from MBR 
(%) 
Ametryn 
Reduction 
from feed 
anaerobic 
reactor (%) 
Total Ametryn 
removal from 
MBR + feed 
anaerobic 
reactor (%) 
7.8 48 0.785 0.700 10.74 21.55 32.29 
15.6 24** 0.874 0.531 39.21 12.65 51.86 
27.1 60 0.737 0.463 37.17 26.28 63.44 
*MBR new feed Ametryn concentration was 1mg/L 
** Feed tank HRTs are not proportional to MBT HRTs as the feed tank hydraulic volumes were different in each operation
 
During the short-term experiments explained in Navaratna and Jegatheesan (2010), 
Ametryn removal was recorded at 50 to 60%. Further, the overall Ametryn removal 
from long-term operations of the lab-scale MBR was recorded at 20% to 40% as 
depicted in Figure 4.11. Total Ametryn removal implies the removal due to 
Ametryn adsorption on to the sludge, filtered from the biofilm formed on the fouled 
membrane surface (a possible mechanism) and biodegradation of Ametryn in the 
bioreactor. In addition to this, Ametryn could transform to its metabolites (Farré et 
al., 2002) due to biochemical reactions occurring in the bioreactor. In order to 
investigate the efficiency of MBR sludge for biodegradability of Ametryn, a batch 
test (Section 4.2.2.1) was also carried out. Farré et al. (2002) obtained an 80% 
removal of Ametryn (initial concentration 168.3 mg/L) within 12 days during their 
biodegradation batch study using activated sludge. However, they achieved only 
2.85% of Ametryn removal for 8 days. Compared to their results of this batch study, 
our lab-scale MBR with much lower HRT removed Ametryn from its synthetic feed 
at a higher efficiency. In order to improve the Ametryn removal from wastewater, 
lab-scale MBR was expanded by installing an UV disinfection unit and a GAC 
filter.  
In a continuous operation of hybrid treatment system (Figure 4.7) at HRT of 7.8 
hours, it was found that the overall biological treatment (from anoxic feed tank 
reactor and MBR) reduced from 62.2% to 27.5% (within 168 hours) and thereafter 
increased to 40% at 240 hours (Table 4.12). It was also found that Ametryn 
concentration in MBR permeate was not detected after passing through the UV 
disinfection unit. A probable reason for this could be due to the conversion of 
Ametryn into its metabolites, which may or may not toxic as Ametryn. Farré et al. 
(2002) studied on two Ametryn metabolites; (N-ethyl-N′-(1-methylethyl)-6-
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(hydroxy)-1,3,5-triazine-2,4-diamine and (1,3,5-triazine-2-amine) formed during 
the biodegradation process through LC-MS. They measured the inhibition of 
bioluminescence of V. fischeri to identify the Ametryn toxicity and found that 
metabolites formed by biodegradation of Ametryn were toxic to V. fischeri. 
Therefore, the hybrid system was designed to treat UV effluent further by sending it 
through a GAC filter. The results obtained during this study (Table 4.12) were 
confirmed that final GAC treated effluent did not contain a detectable amount of 
Ametryn (< 1 µg/L). The batch study explained in this paper confirmed that the 
efficiency of GAC for the removal of Ametryn is very high (section 4.3.3.3 below). 
Table 4.12 Performance of hybrid treatment system at HRT of 7.8  
 
*BDL – Below Detection Limit - 10 µg/L (consider as 100%)
 
Microfiltration in MBR gives permeate with very low turbidity. However in some 
cases (immediately after chemical cleaning), turbidity in permeate could be 
increased and that would contribute to increase the organic content of permeate. 
Therefore, it is recommended to measure organic content (TOC) of permeate 
regularly. UV absorbance at 254 mn (UV254) is recommended as an effective 
measure of organic matter in water. Figure 4.12(a) depicts the values of UV254 of 
MBR permeate with turbidity (NTU) during short-term tests described in Navaratna 
and Jegatheesan (2011). This shows that UV254 values of permeate increased after 
adding Ametryn and UV254 values increase with permeate turbidity. It was also 
noted that the turbidity levels increased after adding Ametryn. Similar results were 
obtained for long-term MBR operations and shown in Figure 4.12(b). 
Although UV254 of permeate increased after adding Ametryn, the UV absorbance 
values are much lower than the values obtained during short-term experiments. 
Time (hours) Ametryn removal % 
MBR + Anoxic Feed tank UV GAC 
0 62.20 BDL BDL 
24 48.50 BDL BDL 
72 35.50 BDL BDL 
96 32.10 0.089 BDL 
120 30.00 BDL BDL 
144 29.40 BDL BDL 
168 27.50 BDL BDL 
192 36.10 BDL BDL 
216 40.90 BDL BDL 
240 40.00 BDL BDL 
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Permeate UV254 did not increase with turbidity before the addition of Ametryn. 
However, after addition of Ametryn, a slight increasing trend of UV254 with 
turbidity was recorded. These results confirm that the addition of Ametryn to MBR 
feed increases the organic content of its permeate and it increases with turbidity. 
 
 
 
 
Figure 4.12 Variation of UV absorbance (at 254 nm) of MBR permeate with permeate 
turbidity (NTU) before and after addition of Ametryn during (a) short-term and (b) long-term 
experiments 
According to Navaratna et al. (2011), it was also found that UV absorbance values 
at wave lengths of 222 nm (maximum absorbance for Ametryn) and 254 nm 
(measures the concentration of organic matter) were highest for the effluent from 
(a) 
(b) 
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the MBR and lowest for the effluent from the GAC filter indicating a continual 
reduction in Ametryn and organic matter along the hybrid system.    
4.3.3.3 Batch Study 
Gram stains carried out directly on the mixed liquor samples did not identify any 
clear differences in the ecologies of microbes present, with clusters and chains of 
bacteria present under all conditions over the course of the experiment (data not 
shown).  On the dilution plates, five common colony types were identified and their 
cell morphologies are illustrated in Table 4.13. It describes the colony and cell 
morphology of these five microbial colony types found in MBR mixed liquor (used 
for long-term Ametryn studies over 3 months) that are fairly resistant to Ametryn 
toxicity. The most common bacteria included both Gram negative and Gram 
positive bacilli, and Gram negative cocci.  
Table 4.13 Bacterial types found during the batch test (microscopic pictures see SI #3.5) 
Bacteria 
type 
Colony morphology Cell morphology 
1 White, large rough colonies Gram positive bacilli in pairs 
2 Mucoid (large, cream coloured) Gram negative cocci in pairs (diplococci) 
3 Mucoid, green tint Gram negative bacilli 
4 Mucoid (small, cream coloured) Gram negative bacilli 
5 Mucoid (small, umbonate, cream coloured) Gram negative cocci 
 
All colony type numbers for each condition and time point were added to provide a 
total bacterial load for each condition.  Total bacterial loads over time showed a 
declining trend (Figure 4.13).  Total bacterial loads under all conditions were lower 
at 90 hours than at the start of the experiment.  This was identified as being 
significant (P=0.05).   Under some conditions such as in S2,2, S0,2, S2,3, S3,2 and S1,3, 
bacterial loads showed increasing trends at the end point of the experiment. This 
trend was recorded for mixed liquor cultures that have higher GAC levels (≥ 0.25 
mg/L), except for S0,1 and S2,1, having Ametryn concentrations of 0 mg/L and 2.5 
mg/L respectively with GAC concentration of 0.125 g/250mL. The increase of this 
bacterial load at the end was small for both S0,1 (from 2.3E+6cfu/ml to 2.4E+6 
cfu/ml) and S2,1 (from 1.1E+6cfu/ml to 2.2E+6 cfu/ml). It was also found that some 
unusual fluctuations of bacterial loads during this batch experiment with sudden 
increasing and decreasing trends (Figure 4.13). 
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Figure 4.13 Changes in total bacterial loads under different experimental conditions over time; 
Si,j represents; i= Ametryn concentration 0-5mg/L and j=GAC added 0-0.5g/250mL 
When separated into high (0.25, 0.5g/250ml) and low (0, 0.125g/250ml) GAC 
levels, statistical analysis (ANOVA, repeated measures, P=0.05) identified 
significant differences in total bacterial loads over time from 6 to 90 hours 
(F=18.55; df=4x32; P<0.0001) and an interaction between time and GAC level 
(F=2.36; df=4x32; P=0.030): in general, bacterial loads declined over time and the 
interaction indicates a difference in the pattern of change over time between high 
and low GAC treatments.  This can be seen as a spike in bacterial load at 18 hours 
in the high GAC relative to the low GAC (Figure 4.14). This appears to match a 
corresponding high removal of Ametryn levels stated in Table 4.14. 
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Figure 4.14 Box plot of bacterial loads with time for high and low GAC levels 
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Table 4.14 Ametryn removal during the batch study 
Sample Ametryn 
(mg/L) 
GAC (g) 
Ametryn Removal % 
6hrs. 18hrs. 
S0,0 0.464 0.000 0.00 4.96 
S1,0 1.463 0.000 26.32 29.32 
S2,0 2.963 0.000 24.57 36.48 
S3,0 5.465 0.000 31.49 41.61 
S0,1 0.464 0.125 76.29 100.00 
S1,1 1.463 0.125 83.66 98.50 
S2,1 2.963 0.125 76.61 96.05 
S3,1 5.465 0.125 75.39 95.48 
S0,2 0.464 0.250 89.44 100.00 
S1,2 1.463 0.250 92.55 100.00 
S2,2 2.963 0.250 95.51 100.00 
S3,2 5.465 0.250 92.20 100.00 
S0,3 0.464 0.500 100.00 100.00 
S1,3 1.463 0.500 98.91 100.00 
S2,3 2.963 0.500 98.62 100.00 
S3,3 5.465 0.500 98.72 100.00 
 
Analysis of individual conditions (16 mixed liquor samples) for bacterial load 
fluctuations is complex and there is insufficient data to determine the significance 
of some apparent differences.  Therefore, the trends were analysed graphically.  
Figure 4.15 shows the variation of bacterial loads with time under the control 
conditions (without Ametryn and GAC) and all colony type numbers dropped over 
time. Colony Types 2 and 5 were not detectable at end of the experiment. Colony 
Type 4 increased their numbers (recovered) at the later part of the study.  Under 
other conditions, trends were not very clear due to different Ametryn and GAC 
concentrations.  However, when analysing the samples without GAC (S1,0, S2,0 and 
S3,0) and samples without Ametryn (S0,1, S0,2 and S0,3), the trend was that all types of 
bacterial loads (except Type 1) were declining with time. Colony Type 1 
maintained an almost the same bacterial load compared to its initial bacterial load.  
A formal comparison of the behaviour of the three most common bacterial colony 
Types (1, 3 and 4) identified a significant Time x Type interaction, indicating that 
the average time course of these colony Types differed significantly (F=43.2; 
df=10x136; P<0.0001), as shown in Figure 4.16. In general, Type 1 showed little or 
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no decline, whereas Types 3 and 4 declined markedly over the experimental period, 
with Type 4 showing evidence of recovery toward the end. 
 
Figure 4.15 Bacterial loads of each colony type (1-5) during the experiment under control 
conditions of no added Ametryn or GAC, all counts of less than 1000 were set at 500 
 
Figure 4.16 Box plots for variation of bacterial loads with time for colony types 1, 3 and 4 
(from left to right) 
The behaviour of each type was therefore examined in separate repeated measures 
ANOVAs, grouping low and high GAC conditions.  All three showed significant 
fluctuations in load over time  
In Type 1, as shown above, although there were changes over time (F=3.88; 
df=4x48; P=0.018), there was no consistent trend. The pattern of variation differed 
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between GAC levels (for GAC x Time interaction, F=7.51; df=4x48; P<0.001). 
Ametryn addition had no effect. Colony Type 3 declined strongly over time as 
shown in Figure 4.16 (F=27.78; df=4x48; P < 0.0001), and showed no effect of 
either Ametryn levels or GAC levels.  
Colony Type 4 also changed substantially over time (F=22.83; df=4x48; P<0.0001).  
High Ametryn levels reduced abundance in all time periods, giving a significant 
main effect of Ametryn level (F=6.63; df=1x12; P=0.022), but no significant 
interaction between Ametryn level and time.   
The generally decreasing total bacterial loads (Figure 4.13) could be explained 
either by possible bactericidal activity of the Ametryn or by typical bacterial 
behaviour under batch conditions (Monod, 1949).  Under batch conditions available 
nutrients decrease over time and toxic by-products increase, resulting in stationary 
or death phases.  This drop can be seen in the control conditions where no Ametryn 
was added, indicating batch conditions must be playing a role (Figure 4.15). 
However, the increased growth observed under some experimental conditions 
towards the end of the experiment was not expected.  It is possible that the 
increased growth is evidence of adaptation to conditions with bacteria resisting or 
utilising Ametryn as a nutrient source.  Biodegradation of Ametryn by 
microorganisms is the principle means by which it is lost from soil and 
biodegradation in activated sludge has been described (Farré et al., 2002).  It has 
also been shown to be usable as a sole nutrient source for microorganisms such as 
the yeast Lipomyces Starkeyi (Nishimura et al., 2002) and the bacterium 
Arthrobacter (Vaishampayan et al., 2007). HPLC data shows a decreasing level of 
Ametryn in the MBR mixed liquor over time.  This drop could be due to microbial 
utilization, adsorption onto GAC or some combination of the two. The trend of 
increasing loss with higher activated carbon levels indicates the GAC plays a strong 
role in Ametryn removal, however where no GAC was added, there was still some 
decrease in the Ametryn levels, indicating other components of MBR sludge also 
have a role in this. Experiments utilizing Ametryn as sole nutrient source would 
need to be carried out using the bacterial types (especially bacterial types 1, 3 and 4) 
found in this study to confirm this possibility of removal of Ametryn via 
biodegradation.  
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The trend of bacterial levels increasing towards the end of the experiment when 
higher levels of GAC were added (Figure 4.13), irrespective of Ametryn levels 
added and in contrast to controls with no GAC is of interest.  The actual (non-
detectable) Ametryn levels in MBR may be the cause of this increasing trend.  
Addition of GAC removes Ametryn (Table 4.14), which may be limiting bacterial 
growth.  After Ametryn levels drop, bacteria that were previously inhibited may be 
able to replicate, utilizing nutrients that had not been consumed due to the 
inhibition.   
A confounder in this theory is the complex microbial community involved in this 
experiment.  There are microbes that have not been quantified which may be 
affecting the experimental results either by utilizing Ametryn or GAC in a more 
complex manner, competing with the 5 bacterial types analysed.  Thus, an 
explanation not directly related to Ametryn or GAC content should be considered.  
It is possible that other microorganisms not cultured on plate count agar have also 
decreased in number, possibly more rapidly.  Any dead bacteria would provide new 
nutrients for the bacteria that were counted and minimize competition, however the 
crude Gram stains of total contents did not show any obvious changes in microbial 
make-up over time. 
To further analyse the interaction with the 5 bacterial types, the study could be 
repeated using sterile liquor into which individual colony types, no colony type and 
combinations of colony types could be added.  This would eliminate other microbial 
interference and permit measurement of individual Ametryn loss relative to 
microbial growth.  Out of the 5 bacterial types examined, type 2 and 5, both of 
which were cocci, did not survive as well as the other types (1,3 and 4), all of which 
were bacilli.  The bacilli examined all have statistically different time courses 
during the experiment and are the best candidates for further investigation of their 
role in MBR mixed liquor and utilization of Ametryn.   
4.4 Conclusions 
The overall treatment performance of the hybrid treatment system consists of an 
anoxic feed tank, a membrane bioreactor (MBR), UV disinfection unit and a 
granular activated carbon (GAC) filter is stated below.   
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 COD removal was around 92 to 98 % during both operational phases and the 
removal efficiency was not affected significantly by the introduction of 
Ametryn to the influent (1 to 4 mg/L). COD concentration in MBR, UV and 
GAC effluents also reduced along the process indicating considerable COD 
treatment during the treatment process of the hybrid MBR system.  
 Increasing HRT of MBR improved the removal of Ametryn considerably 
and the optimum removal (40%) was recorded at HRT of 15.6 hours, but the 
hybrid system removed Ametryn to below detection levels at HRT of 7.8 
hours. From the inception of Phase 2 MBR operation in the sub-tropical 
conditions (sludge with oligochaete worms), the removal of Ametryn by 
MBR increased steadily from 12 to 88%. Anoxic feed tank also acted as an 
effective Ametryn removal reactor and the removal increased from 12%, 
22% and 26% with respect to the increase of the HRT from 24 to 48 to 60 
hours and the removal efficiency varied from 19.20%, 32.57% and 30.89% 
for initial concentrations of 1, 2, 4 mg/L respectively. The total 
biodegradation of Ametryn from the feed tank and MBR was recorded 
around 60% (15.6 hours of HRT and 1 mg/L of Ametryn in feed). 
 Due to sudden desorption of Ametryn from sludge (worms and/or 
microorganisms) a rapid decline in the removal of Ametryn was recorded 
for about two weeks. This shows the instability in the biological treatment of 
toxic compounds such as Ametryn.  
 UV-absorbance at wavelengths 222 and 254 nm was highest for the effluent 
from the MBR and lowest for the effluent from the GAC column indicating 
continual reduction in Ametryn and organic matter along the hybrid 
treatment system. This study confirms that MBR alone is not efficient and 
reliable/consistence in treating Ametryn but the MBR/UV/GAC hybrid 
treatment system is very efficient for the same.  
 In summary, the hybrid MBR system removes Ametryn (1 to 4 mg/L) 
efficiently at HRT of 15.6 hours with the following contributions from each 
individual reactor;  
• Anoxic feed tank – 15 to 30% 
• MBR – 30 to 40% (when oligochaete worms are present – up to 
60%)  
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• UV/GAC system – removes the remaining Ametryn to achieve 100% 
removal  
Addition of Ametryn influenced the functions of microorganisms in MBR mixed 
liquor considerably. Due to the inhibition on microbes, the following changes in 
sludge properties were found. 
 SMP concentration was increased and eEPS concentration was reduced 
considerably immediately after the introduction of Ametryn (during the 
transition period). Subsequent to the transition time, both SMP and eEPS 
concentrations were increased with the increase of influent Ametryn 
concentration.             
 For the same organic loading rate (2.15 g-COD/L/day), the observed 
biomass production was reduced from 0.143 g/day to almost 0 g/day after 
addition of Ametryn (Phase 1).  
 Protein was the dominant component of EPS and it reduced from 77.5% to 
74.2%, while carbohydrate concentration increased from 22.5% to 28.5% 
after the addition of Ametryn.  
The batch study revealed five common bacterial colony types (Gram negative, 
Gram positive bacilli and Gram negative cocci). Total bacterial loads in all 16 
mixed liquor samples were decreased during the process of the batch test. All three 
bacilli types out of five common bacterial types were resistant to Ametryn. The 
removal of Ametryn from only through the biodegradation was increased from 5 to 
42% after 18 hours when increasing the initial concentration varied from 0.5 to 5.5 
mg/L. Over 95% of Ametryn was removed after 18 hours, when 0.5 g/L of GAC 
was added to MBR mixed liquor.      
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CHAPTER 5 
 
5. MODEL DEVELOPMENT AND PARAMETER 
ESTIMATION FOR A HYBRID SUBMERGED 
MEMBRANE BIOREACTOR TREATING AMETRYN 
Abstract 
A mathematical model has been developed for predicting the production and decay of biomass 
(MLSS) and extracellular polymeric substances (EPS) and their deposition mechanism on membrane 
surface, which is lead to fouling of membrane.  Initially, the MBR operation was carried out in 
tropical climatic conditions (Phase 1: 24 to 28 
o
C) and then in sub-tropical environmental conditions 
(Phase 2: 15 to 22 
o
C).  The concentrations of MLSS and extra-cellular polymeric substances (EPS) 
in MBR mixed liquor fluctuated (production and decay) differently for about 40 and 25 days 
(transition period) after the introduction of Ametryn (1 mg/L) during Phase 1 and 2 respectively. 
During the subsequent operations with higher organic loading rates in Phase 1, it was also found that 
a low net biomass yield (higher death rate) and a higher rate of fouling of membrane (a very high 
rate during the first 48 hours) due to increased levels of bound EPS (eEPS) in MBR mixed liquor. 
Subsequent to the transition period of Phase 2, the concentration of biomass increased with the 
continuation of the increase of influent Ametryn concentration. The model was well fitted to the 
experimental data obtained during Phase 1 and 2 for both conditions before and after addition of 
Ametryn.  The mathematical model was used to estimate the kinetic parameters before and after the 
introduction of Ametryn and found that the addition of Ametryn reduced the biomass yield by 34% 
(during transition period).  This model can be simulated for the MBR treating Ametryn and could be 
used for designing a MBR system for the treatment of Ametryn. 
 
 
 
 
 
 
 
 
 
 
 
The contents in Section 5.1 was published in Bioresource Technology 113, 191-200 
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5.1 Phase 1 MBR Operation 
5.1.1 Introduction 
Membrane bioreactor (MBR) technology, which is a combination of biological 
treatment and membrane filtration, is one of the most powerful (popular) 
domestic/industrial wastewater treatment and reuse technologies in the present 
world. In addition to these combined treatment processes in MBRs, various 
advanced physical, chemical and biological treatment tools are amalgamated to 
MBR systems (hybrid MBR systems) to further improve their performance. With 
the help of the research work carried out during the past decade, these MBR 
systems have been improved immensely to treat various types of domestic and 
industrial effluents to produce superior quality treated water to reuse and discharge 
into very sensitive environments.  Therefore, apart from the research studies on 
sustainable operation (reduced cost, energy and human involvements); the present 
research works on MBRs are mainly focused on removal of toxic, bio-accumulated 
and persistent micro-pollutants from wastewater.   
Fouling of membrane, which causes decrease in permeate flux and/or increase in 
Trans-Membrane Pressure (TMP), has still been considered as the main obstacle to 
the widespread application of MBRs.  This leads to higher demand of energy and 
consequently higher operating costs. Recent studies have shown a significant 
impact of biochemical process conditions such as sludge retention time (SRT), 
hydraulic retention time (HRT) and air supply (as aeration and membrane scouring) 
on fouling of membranes of MBR systems (Jiang, et al., 2008). Changing these 
biochemical process conditions influences the production and decay of mixed liquor 
suspended solids (MLSS), free/suspended and bound extra-cellular polymeric 
substances (SMP and eEPS) and other foulants that frequently cause fouling of 
membranes.  
In order to understand the fundamental behaviours and mechanisms of production 
and decay of fouling factors (MLSS, EPS, etc), a significant number of modelling 
work has been carried out in past. Modelling of wastewater treatment systems 
(including MBRs) is mainly carried out focusing on their performance, operational 
improvements and cost effective designs. A significant quantum of the modelling 
work has been performed so far on MBRs and most of them are based on the well 
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established activated sludge models (ASMs), which are modelled for activated 
sludge processes treating municipal wastewater. However, according to Peev et al., 
(2004), these models cannot be directly applied for complex industrially polluted 
wastewater consisting substances such as surfactants, phenolic compounds, 
pesticides, herbicides and other persistent polar/organic micro-pollutants. Fenu et 
al., (2010) reviewed the previous studies critically and comprehensively synthesized 
the differences of unmodified and modified modelling applications of ASM to 
MBR operations. Ng and Kim (2007) also carried out a mini review on modelling 
work related to MBRs treating municipal wastewater by categorising the models 
into biomass kinetic models (studies mainly based on basic empirical/mass balance 
model equations) – Nagaoka et al., 1996; 1998; 1999; 2000; 2008; Chae and Shin, 
2006; Peng and Xue, 2006; Yoon, 2003) , fouling models (Khan et al., 2009) and 
integrated, hybrid or modified ASM models (Jiang et al., 2008).  Several modelling 
works that have been carried out in past are tabulated in Table 5.1.      
Modelling work, simulation and parameter estimation present in this paper is 
mainly based on the mathematical model expressions developed by Nagaoka et al. 
(1998). Previous to this, Nagaoka et al. (1996) modelled the membrane separation 
activated sludge process, which was later called as the MBR, for studying the 
influence of bacterial cellular polymers. Then they continued their study and 
modelled the biofouling process in a membrane separation activated sludge system 
in detail (Nagaoka, et al., 2000). Subsequent to that they modelled the membrane 
separation activated sludge system for evaluation of the organic loading rate 
(Nagaoka, et al., 2000) and for nitrogen removal (Nagaoka H., 1999).   
Comparatively, less number of biofouling modelling studies have been carried out 
for MBRs treating industrial wastewater. Peev et al. 2004 conducted modelling 
work related to the degradation of low concentration pollutants in MBRs. Peng and 
Xue (2006) modelled their MBR for meat packing wastewater treatment and Munz 
et al. (2008) for a full scale microfitration MBR treating tannery wastewater.  
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Table 5.1 Summary of previous MBR modelling studies (similar to this study) 
Process description Modelling method 
Estimated Kinetic Parameters 
Reference Y  dxk (/d) dpk (/d) sK (kg/m
3) 
Cross flow MBR (30L), natural wastewater, 
ZrO2ceramic membrane (pore size 20-50nm, 0.4m 
long, 0.04m2), influent COD-200-800mg/L, SRT-5-
30days, flux-75-150L/m2/h 
Material balance of the MBR 
system 
0.560* 0.080   Wen et al. (1999) 
Submerged MBR (56L), synthetic wastewater, PP 
hollow fibre (pore size 0.4µm, 0.75m2), constant 
pressure (3kPa), MLSS 4.5-7.5g/L, average flux 
5L/m2/h  
Material balance of the MBR 
system 
0.630* 0.128 0.020 126 Jang et al. (2004) 
Submerged MBR sludge disintegration system Incorporating sludge 
disintegration term into ASM 
model 
 0.300  0.2 Yoon  (2003) 
Vertical submerged MBR including pre-anoxic reactor 
fed with glucose (COD-300mg/L). Poly-
tetrafluoroethylene membrane (pore size 0.45µm)  
Kinetic mass balance equations 0.400* 0.280 0.039  Chae and Shin (2006) 
 
Submerged MBR treating municipal wastewater (COD-
600mg/L), HRT-10days, Flow rate 0.096m3/d 
Mass balance equations for 
MBR (development of a cost 
model) 
0.228* 0.009   Schaller et al. (2010) 
Submerged MBR treating meat packing wastewater 
(COD-850mg/L), PE hollow fibre (pore size 0.1µm, 
0.2m2)  
Material balance of the MBR 
system 
0.530* 0.040  0.056 Peng and Xue (2006) 
Submerged Poly-sulfon membrane (pore size 0.2µm, 
0.288m2) activated sludge process treating synthetic 
wastewater- (TOC-550mg/L), HRT-13h, flux-0.25m/d  
Material balance of the MBR 
system 
0.500** 0.022 0.040  Nagaoka H. (1999) 
*
Y in terms of g-MLVSS/g-COD 
**
Y in terms of g-MLSS/g-TOC  
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The objective of this study is to understand the mechanism of the biofouling of 
membrane considering accumulation, detachment and consolidation of bound EPS 
(eEPS) on the membrane surface, and to develop a mathematical model for the 
prediction of operating performance of the submerged MBR treating Ametryn (a 
Photosystem II herbicide, which is widely used to control pre and post emergence 
of broadleaf and grass weeds in Australian farmlands and destroys the ecosystem – 
Navaratna et al., 2010). Ametryn shows a relatively higher solubility in water (185 
mg/L) and it dissolves readily in solvents such as acetone and methanol. This paper 
compares the changes of kinetic parameters before and after the introduction of 
Ametryn to the MBR. 
5.1.2 Model Equations 
Mathematical model expressions (parameter symbols are defined and listed in 
nomenclature in page 260) were developed to simulate the fluctuations of MLSS, 
EPS and TMP, and to estimate model parameters using experimental data. 
5.1.2.1 Concentration of biomass (MLSS) 
The biochemical function of activated sludge process (ASP) and MBR is 
compatible, and it includes a continuous generation of new sludge with the 
consumption of feed organic materials, while decaying some sludge mass due to 
endogenous respiration. Endogenous respiration involves consumption of cell-
internal substrate, which leads to a loss of activity and slightly reduced biomass. 
Radjenović et al. (2008) stated that this biomass decay (includes cell lyses, 
maintenance, predation and death) due to endogenous respiration generally occurs 
during aerobic conditions (very slow during anoxic conditions). Endogenous 
respiration is more favourable in MBRs due their high biomass concentration. 
Theoretically, at an optimum MLSS, there is a stage where the supply of total 
energy via organic feed equals to the total demand of energy for the maintenance of 
biomass (just for their vial functions and not for producing additional biomass) in 
the bioreactor. Therefore, at a higher MLSS concentration, when the supplied 
organic feed is barely sufficient for the maintenance (very low food to 
microorganism-F/M ratio), additional growth of biomass is very small or no excess 
sludge is produced. To explain this phenomenon of biomass yield and decay, 
226 
 
Nagaoka et al. (1998) modelled the following expression (7) and its derivation steps 
(Jang et al., 2004) are as follows. 
Mass balance (biomass) equation for a MBR can be written as, 
VRVRxQxQxQ
dt
dx
V dgeweeii       (5-1)      
Where V is the hydraulic volume of the bioreactor (L), x is the MLSS concentration 
in the bioreactor (g/L), t  is the time (days), iQ , eQ and wQ are the influent (organic 
feed), effluent (permeate) and sludge waste flow rates (L/day) respectively, ix , ex  
and wx are the influent, effluent and waste MLSS concentrations (L/day), gR and dR
are MLSS growth and decay rates respectively.  
As the MBR is fed with synthetic feed and effluent is filtered through a micro-filter, 
0ix ; 0ex          (5-2) 
In this case, sludge is not discharged intentionally and therefore, 
0wQ          (5-3) 
Also, 
gR and dR can be written as first order kinetic equations, 
xRg  ; xkR dxd          (5-4) 
Where  is the specific MLSS growth rate (/day) and dxk is the death (endogenous 
decay) rate of MLSS. Therefore, equation (1) can be simplified to, 
xkx
dt
dx
dx           (5-5) 
Biomass growth due to organic feed to the MBR can also be written as, 
YSS
V
Q
x ei
i )(          (5-6) 
Where iS and eS are influent and effluent Chemical Oxygen Demand (COD) 
concentrations (g/L), Y is the MLSS yield due to influent COD (g-MLSS/g-COD) 
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However, for MBRs, ei SS   (as they operate at higher MLSS concentrations). 
Therefore, biomass growth due to influent COD can be expressed as YL  ( L - 
g/L/day is the COD volumetric loading rate to the MBR). Therefore, the final 
expression for observed increasing rate of MLSS for a MBR can be presented as, 
xkYL
dt
dx
dx         (5-7) 
5.1.2.2 Concentration of EPS  
Among the substances in mixed liquor of MBR, EPS have gained very high 
attention among the MBR researchers in the past due to its contribution towards the 
fouling of membrane. Bound EPS (eEPS), which is produced by microorganisms 
when the process of microbial aggregation (forming biofilms, flocs or protection 
barrier),  is the general term for various types of macromolecules found outside 
surface of cells, most commonly carbohydrates and proteins (Radjenović et al., 
2008). Free EPS (in liquid phase or loosely bound to microorganisms), which are 
generally called as soluble microbial products (SMP), are originated from the 
process of breaking up flocs, cell lyses and from the substances in the influent. The 
following model (Nagaoka et al., 1998) is mainly developed for bound EPS ( p ) 
production in an MBR.  
Mass balance equation presented by Laspidou and Rittmann (2002) (later rewritten 
for MBRs by Chae and Shin, 2006 and Jang et al., 2006c) is used to explain the 
model equation developed by Nagaoka et al. 1998, 
V
EPSQ
V
EPSQ
EPSkx
dt
dEPS eeii
dp
)()(
)()(       (5-8) 
Where EPS , iEPS and eEPS are EPS concentrations in the bioreactor, influent and 
MBR effluent respectively,   is the ratio of produced EPS to increased MLSS (g-
EPS/g-MLSS) and 
dpk is the decay rate of EPS (day
-1
). Usually, units of EPS , iEPS
and eEPS are termed as g-EPS/g-MLSS. However, to make this unit compatible 
with other units of the parameters used in this modelling work, unit of EPS is taken 
as g/L. Nagaoka et al. (1998) also presented EPS concentration in g/L. 
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However, it is assumed that influent and effluent EPS concentrations are zero,  
0iEPS ; 0eEPS         (5-9) 
Combining the equations (6) and (8), EPS concentration in the mixed liquor in a 
MBR was modelled for producing with the growth of bacteria at a certain rate and 
to be decomposed satisfying first order kinetics  
pkYL
dt
dp
dp          (5-10) 
 Where p is the EPS concentration (g/L) in MBR mixed liquor  
5.1.2.3 EPS density of the membrane surface 
EPS density on the membrane surface was modelled considering the accumulation 
of EPS via the advection (mass flow of water through the membrane), detachment 
by the shear stress by the cross flow of water and bubbles (Nagaoka et al., 1998). 
The balance force developed due to this shear stress and static friction generated as 
a result of permeate suction pressure (Figure 5.1), was taken into consideration to 
estimate the detachment rate of EPS, which should be greater than zero ( 0dmk ).  
mkJp
dt
dm
dm         (5-11) 
)( Pk mmdm           (5-12) 
Where m  is the EPS density on the membrane surface (kg/m
2
), J  is the flux 
through the membrane (m/d),   is a constant (/day /Pa), m  is the shear stress (Pa), 
m  is the static friction coefficient (-) and P  is the TMP (Pa) 
 
Figure 5.1 Forces acting on the EPS layer formed on the surface of the membrane 
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Shear stress m  was estimated using the simplified balance equation below 
presented by Busch et al. 2007 
 ggMLm )(          (5-13) 
Where ML is the density of MBR mixed liquor (kg/m
3
), 
g is the density of air 
(kg/m
3
), g is the constant of gravity (9.81m/s
2
) and  is the thickness of EPS 
biofilm on the membrane. The density of water 2.998w kg/m
3
 and for a known 
MLSS concentration, density of mixed liquor can be obtained by the following 
equation  
)0004397.0(exp99959.0 MLSSwML         (5-14)
 
 EPS density on the membrane ( m ) for a known J  and a trans-membrane pressure 
( P ) can be experimentally estimated by evaluating the EPS concentration (g/L or 
kg/m
3
) of the attached sludge on the total membrane area (m
2
). 
5.1.2.4 Consolidation of EPS on the membrane surface 
The accumulated EPS on the membrane surface gradually start to consolidate due to 
the suction pressure. Nagaoka et al. (1998) found that the specific resistance of EPS 
( ) on the membrane surface increases during this stage of operation due to the 
consolidation of the EPS layer and approaches to a maximum value, which is 
proportional to Trans-membrane Pressure ( P ). They assumed that the specific 
resistance of EPS biofilm on the membrane due to this process of consolidation 
follows the first order kinetics and approaching to its maximum value, which is a 
function of P . 
)( 

  k
dt
d
        (5-15) 
Ppo .          (5-16) 
Where k is the rate constant concerning the consolidation process (/day),  is the 
ultimate value of  (m/kg), o is the specific resistance of EPS at 0P (m/kg) and 
p is a constant (m/kg/Pa) 
Total filtration resistance is the sum of membrane resistance and the resistance due 
to accumulated EPS 
mRmR           (5-17) 
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Where R is the total filtration resistance (/m) and mR  is the membrane resistance 
(/m). R also has the following relationship as per Darcy’s Law 
R
P
J

          (5-18) 
Where   is the viscosity of permeate (Pa s) 
5.1.2.5 Calculation, Simulation and Parameter estimation  
The above model equations were solved simultaneously using Runge-Kutta method 
(MS Excel) with a time interval of 0.05 days. As an initial approach, parameters 
suggested by Nagaoka et al. 1998 were used for solving and simulating the model 
equations. ENGUAGE Digitizer 4.1 software was used to extract the experimental 
data used by previous authors to validate the model equations. The results obtained 
were verified against the results obtained from MATLAB software (a separate code 
was written based on Runge-Kutta theory). Once the validation process was done, 
AQUASIM software was used to simulate and estimate model parameters for each 
MBR operation. Same software was used by several researchers in past (Menniti et 
al., 2009) for their modelling work.  
5.1.3 Materials and Methods 
5.1.3.1 Experimental Setup 
Figure 5.2 shows the laboratory-scale MBR system and the reactors made out of 
Perspex and the total capacities of the feed tank and the MBR are 50 and 15 L 
respectively. In order to avoid frequent overflows, MBR was operated at a hydraulic 
capacity of 13L. A hollow fibre polyethylene (PE) membrane module (pore size 0.4 
µm, effective area 0.2 m
2
) is immersed in the MBR reactor. Air to the MBR is 
supplied from the central compressed air system via air regulators, valves, an flow 
meter and a perforated PVC manifold approximately with 20 holes (diameter 
around 1.5 mm for providing coarse bubbling aeration), which is installed at the 
base of the MBR. As a backup air supply, a portable compressor is also used. 
Peristaltic pumps are used to feed the MBR tank at a uniform feed rate and to pump 
out permeate (treated effluent) from MBR through the membrane. A vacuum 
pressure gauge is fitted to measure TMP as shown in Figure 5.2. Peristaltic pumps 
are connected to an electronically controlled timer to operate them intermittently 
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(12 minutes “on” and 3 minutes “off”). One of these pumps was used when required 
for backwashing the membrane with treated water, which has very low turbidity. 
 
 
Figure 5.2 Process Flow Diagram (PFD) of the Lab-scale MBR Plant 
The composition of synthetic wastewater fed to the MBR system during this study 
consists of Glucose (C6H12O6 – 710 mg/L), Ammonium Acetate (CH3COONH4 – 
200 mg/L), Sodium Hydrogen Carbonate (NaHCO3 – 750 mg/L), Ammonium 
Chloride (NH4Cl – 30 mg/L), Potassium Di-Hydrogen Phosphate (KH2PO4 – 30 
mg/L), Potassium Hydrogen Phosphate (K2HPO4 – 60 mg/L), Magnesium Sulphate 
(MgSO4.7H2O – 50 mg/L), Calcium Chloride (CaCl2.2H2O – 30 mg/L) and Sodium 
Chloride (NaCl – 30 mg/L). COD concentration of the MBR influent was 
maintained at 700±50 mg/L. A concentration of 1 mg/L of Ametryn in the fresh 
feed solution was maintained during the experimental studies demonstrated in this 
paper. 
During these studies, dissolved oxygen (DO), pH and turbidity were measured 
using YSI DO 200 dissolve oxygen meter, WP-80 TPS pH and temperature meter 
and HACH 2100P turbidimeter respectively. Mixed liquor suspended solids 
(MLSS) concentration was analysed using the standard methods for the examination 
of water and wastewater (American Water Association, 21
st
 edition, 1985). COD 
measurements were carried out adopting Photometric method using Spectroquant 
COD cell test kits and Thermo-reactor TR-320. Extra-cellular polymeric substances 
(EPS) extraction and analysis of its components (protein and carbohydrates) were 
carried out using the method explained in Navaratna and Jegatheesan (2011).  
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Chemical cleaning of the membrane was carried out before each experiment as per 
the procedure stated by the manufacturer by immersing, bubbling and backwashing 
the membrane using 3 g/L of NaOCl solution. Permeate temperature was not 
fluctuated significantly (24±4 
o
C) during these experiments and therefore, the 
membrane biomass yield (Y ), flux and other parameters were not adjusted for 
variations in temperature. The DO concentration was maintained around 2.0±0.5 
mg/L (air flow rate around 10-15 L/minute) throughout these studies. Generally, 
sludge was not wasted intentionally and therefore, the sludge retention time (SRT) 
was 200 days approximately as our intention was not to optimise the SRT. 
However, occasionally, sludge overflowed due to rapid decline of membrane flux 
when the membrane is fouled. Further, around 300-400 mL of mixed liquor was 
taken weekly for analysis of MLSS and EPS.      
5.1.3.2 MBR experiments  
Activated sludge (approximately 8,000 mg/L) was brought from the Cleveland Bay 
Wastewater Purification Plant in Townsville and acclimatized in the MBR. Out of 
the entire phase-1 continuous MBR operation carried out from June 2009 to 
November 2010 (over 500 days), several sections of operations were selected to 
model and discuss in this paper (Table 5.2). Subsequent to the commissioning and 
acclimatizing phases of the lab-scale MBR, MBR was operated at several hydraulic 
retention times (HRTs). Once the MLSS concentration in the bioreactor was 
increased to 21.2 g/L, permeate suction rate was reduced to 20 L/day and operated 
continuously for about 140 days (MBR operation #1). Then, the MBR was operated 
at different flow rates and several critical flux studies were carried out (Navaratna 
and Jegatheesan, 2011). 
 As stated in Table 5.2, MBR system was operated at 30 L/d (45 days) - #2, 40 
L/day (21 days) - #3 and 20 L/day (36 days) - #4.1-2 before introduction of 
Ametryn to its synthetic feed. Then, Ametryn was added and operated the MBR at 
20 L/d (40 days) - #5.1-4 and at 40 L/d (18 and 25 days) - #6.1-2. As mentioned 
before, aeration intensity was maintained at a uniform level by providing a constant 
air flow rate of 10L/min and therefore, shear stress ( w ) was estimated at 5 Pa. This 
figure was calculated using equations (5-13) and (5-14) as per Busch et al. (2007) 
assuming the biofilm thickness was around 500-700 µm. This w value was also 
233 
 
verified by using the method stated by Delgado et al. (2008). Membrane was 
cleaned chemically as explained in Section 5.1.3.1 before the commencement of 
each MBR operation. Occasionally the membrane was cleaned physically using 
fingers and a soft brush with clean water when the membrane was suddenly fouled 
during the phases of MBR operations.  
 Initial eEPS density on membrane ( 0m ) was taken as zero for MBR operations 
carried out after chemical cleaning of membrane except for three operations (Table 
5.2). Membrane resistance tests were carried out at several occasions between these 
studies to predict the initial membrane resistances ( mR ). However, these mR values 
were fine-tuned when the modelling process was in progress and indicated in Table 
5.2. Permeate viscosity (  ) was taken as 0.001 Pas (Nagaoka et al., 1998). β values 
(Table 5.2) were calculated for each MBR operation using experimental data.  In 
addition to these, eEPS detachment rate constant ( ), eEPS consolidation rate 
constant ( k ), static friction coefficient ( m ), specific resistance of eEPS at TMP=0 
( 0 ) and specific resistance rate constant ( p ) were taken as variables during 
modelling, simulating and parameter estimating.       
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Table 5.2 Operating and initial conditions of MBR operations 
MBR Operation # 
Operating 
period 
(days) 
TMP range 
(kPa) 
Loading Rate L  
(g-COD/L/day) 
Constant 
Flux J  
(m/d) 
 Initial Conditions 
Mem. Resistance 
mR  (kPa) 
MLSS x (g/L) EPS p (g/L) 
EPS density 
m  (kg/m2) 
F/M ratio (g-
COD/g-
MLSS) 
B
ef
o
re
  
  
A
M
E
T
R
Y
N
 
1 142 5.00-7.50 1.0800 0.1300 DNM 21.2000 DNM DNM 0.0509 
2 45 3.75-7.50 1.6200 0.1900 1.29E+12 5.1950 0.919 0.0000 0.3118 
3 21 5.75-21.50 2.1500 0.2500 1.98E+12 7.9800 0.7880 0.0000 0.2694 
4.1 
23 
4.75-8.50 
1.0800 0.1300 4.25E+12 11.4000 0.1945 0.0000 0.0947 
4.2 15 1.0800 0.1300 1.55E+12 6.7950 0.0875 0.0028 0.1589 
A
ft
er
  
  
  
  
  
  
  
  
 
A
M
E
T
R
Y
N
 
5.1 06 
6.75-11.00 
1.0800 0.1300 2.33E+12 8.4480 0.8620 0.0000 0.1278 
5.2 08 1.0800 0.1300 2.33E+12 7.9100 1.0150 0.0021 0.1365 
5.3 15 1.0800 0.1300 2.33E+12 9.1950 0.9670 0.0021 0.1175 
5.4 11 1.0800 0.1300 2.33E+12 9.8480 1.0620 DNM 0.1097 
6.1 18 8.50-25.50 2.1500 0.2500 3.95E+12 6.8500 1.1950 0.0000 0.3139 
6.2 25 8.00-21.00 2.1500 0.2500 3.60E+12 6.4200 1.1030 0.0000 0.3349 
Shear stress = 5Pa 
Feed Ametryn concentration = 1 mg/L 
DNM – Did not measure 
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5.1.4 Results and Discussion – June 2009 to November 2010 (Phase 1) 
5.1.4.1 Concentrations of MLSS and EPS before adding Ametryn 
Lab-scale submerged bioreactor shown in Figure 5.2 was operated at different 
operating and initial conditions (Table 5.2) before introduction of Ametryn to its 
feed. Figure 5.3(a) shows the variation of MLSS concentration (measured) with 
time for operation #1 and the simulated graph of the model equation (7). This shows 
that the model is well fitted with the experimental data. Initial MLSS concentration 
(21.2 g/L) gradually reduced due to starvation conditions and reached a steady state 
(~7 g/L). Simulated and experimental data was used for parameter estimation and 
found that the biomass yield (Y ) was 0.2132 g-MLSS/g-COD and the decay rate of 
MLSS ( dxk ) was 0.035 day
-1
. On the other hand, Figure 5.3(b) (operation #2) shows 
the variation of MLSS concentration when the MBR operates at a higher organic 
loading rate (Tale 5.2). It starts at a lower MLSS concentration and settles at a 
higher biomass concentration. In this case, both biomass yield and decay rate shows 
slightly higher values (Table 5.3) than the previous values (for operation #1). This 
implies that there is no significant impact due to the fluctuation of MLSS 
concentration on the values of Y and dxk . However, they depend on the steady state 
MLSS concentration (
stdyx ), which is given by 
dx
stdy
k
YL
x  . During this study, it was 
also found that there is a positive correlation between the organic loading rate and 
the biomass yield (Table 5.3).  
According to Wen et al. (1999), the range of parameter values of Y and dxk for 
conventional activated sludge processes are at 0.4-0.6 g-VSS/g-COD and 0.06-0.12 
day
-1
 respectively.  However, MBRs are generally operated at higher MLSS 
concentrations (low food to microorganism - F/M ratio) and therefore, the biomass 
yield is fairly low due to competition. Harper et al. (2006) found that Y was 0.45 g-
VSS/g-COD, when a MBR operates at a very low mixed liquor volatile suspended 
solids (MLVSS) concentration (563 mg/L) and in contrast, Acharya et al. (2006) 
showed that the observed biomass yield ( YY 0 - biomass decay) was 0.14 g-
VSS/g-COD for a MBR treating very high concentrated (25,000 mg-COD/L) at 20-
40 g-MLVSS/L.  
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Further, Kornboonraksa et al. (2009) found that biomass yield was around 0.78 g-
MLSS/g-COD when they operate their hybrid MBR system for piggery wastewater 
(~5000 mg-COD/L). These results indicate that Y changes in a broad array 
depending on the nature of feed, operating and sludge conditions in MBR systems. 
Modelling and understanding biomass yield and decay rates for these different 
conditions are important as operating MBR systems at high MLSS concentrations 
and excess sludge handling are expensive (Yoon et al., 2004; Schaller et al., 2010). 
Minimization or zero production (Yoon, 2003: Wang et al., 2008b) of excess sludge 
is therefore important to keep the MBR operating costs low. As shown in Figure 
5.3(a), during the operation # 1, our lab-scale MBR was operated at a stable MLSS 
concentration for a long period (~140 days) with a long SRT (over 180 days) with 
no membrane chemical cleaning. 
MBRs are generally operated at elevated MLSS concentrations than conventional 
activated sludge processes. Therefore, the quantity of EPS that are secreted by 
microbes in MBR is high. These EPS (mainly proteins and carbohydrates) help to 
form partially impermeable biofilm (cake/gel layer) on the membranes resulting 
rapid increase of trans-membrane pressure and/or decrease in permeate flux through 
the membrane. This phenomenon increases the operational costs of MBRs due to 
frequent membrane cleaning. Therefore, studying and understanding regarding the 
production and decaying of EPS concentration in a MBR is a vital fact to design 
and operate MBRs effectively.  
During MBR operations #3 and #4, both MLSS and EPS concentrations in mixed 
liquor were measured (Figures 5.3(c) and 5.3(d)) with time. Although, Nagaoka et 
al. (1998) termed “ p ” as suspended EPS, the methodology described to extract 
EPS in Nagaoka et al. (1996) is similar to our method (Navaratna and Jegatheesan, 
2011) of extraction of bound EPS (eEPS). Therefore, eEPS experimental data were 
used for this study and they fitted to the model well, as shown in Figures 5.3(c) and 
5.3(d). During both of these operations, MLSS and eEPS showed convincingly 
compatible trends with time. During MBR operation #3, MBR was operated at 2.15 
g-COD/L/day and MLSS increased from 7.98 g/L to 11.40 g/L (Figure 5.3(c)) 
within 21 days.  
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Table 5.3 Estimated parameter values using AQUASIM 
MBR Operation # 
Yield -Y  (g-
MLSS/g-
COD) 
Decay rate 
of MLSS 
dxk (/day) 
Ratio of EPS 
produced to 
increased 
MLSS  
  
Decay rate of 
EPS 
dpk
(/day) 
EPS detachment 
rate constant 
(/day/Pa) 
EPS 
consolidation 
rate constant 
k (/day) 
Static 
friction 
coefficient 
m  
EPS specific 
resistance 
constant 
p  
B
ef
o
re
  
  
A
M
E
T
R
Y
N
 1 0.2132 0.0350 (EPS measurements started after this operation) 
  
2 0.2475 0.0480 0.0520 0.0200 0.0950 0.7450 0.0025 3.50E+07 
3 0.2975 0.0500 0.3676 0.1137 0.0950 0.7450 0.0025 3.41E+07 
4.1 0.2194 0.0526 0.1213 0.0644 0.0950 0.7450 0.0025 2.61E+08 
4.2 0.2212 0.0147 0.0250 0.0067 0.0950  0.7450  0.0025    9.57E+07  
A
ft
er
  
  
  
  
  
  
  
  
 
A
M
E
T
R
Y
N
 
5.1 0.1876 0.0348 0.2330 0.0218 
  
    
 
5.2 0.1876 0.0042 0.0479 0.0168 
0.0750 0. 6850 0.0075 4.93E+08 5.3 0.1876 0.0168 0.0575 0.0070 
5.4 0.1876 0.0640 0.0473 0.0050 
    
6.1 0.1968 0.0668 0.3900 0.1388 0.0750 0. 6850 0.0075 3.27E+07 
6.2 0.1968 0.0594 0.2710 0.0897 0.0750 0.6850 0.0063 2.26E+07 
Specific resistance of EPS at TMP=0 (
0 ) is taken as 5.25E+09 for every operational phases (AQUASIM averages for the best fit) 
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(c) (d) 
Figure 5.3 Simulated and experimental variations of MLSS and eEPS with time before Ametryn is introduced: (a) MBR operation #1 at organic loading rate 
of 1.08 g-COD/L/day (b) MBR operation #2 at organic loading rate of 1.62 g-COD/L/day: (c) MBR operation #3 at organic loading rate of 2.15 g-COD/L/day 
(d) MBR operations #4.1 and #4.2 at organic loading rate of 1.08 g-COD/L/day 
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During this time, eEPS increased from 0.788 g/L to 1.945 g/L. In MBR operation 
#4 (Figure 5.3(d)), MBR was operated at 1.08 g-COD/L/day and MLSS 
concentration reduced from 11.4 g/L to 6.8 g/L rapidly due to some mixed liquor 
overflow (4 to 5 L). Then it increased to 8.448 g/L. During this period, eEPS 
initially reduced from 1.945 g/L to 0.875 g/L following the same reducing trend of 
MLSS and thereafter, eEPS concentration revolved around 0.87 g/L showing a 
stable level. Due to this overflow of sludge, the composition of microorganisms and 
sludge environment in the bioreactor could have disturbed and changes 
substantially. This could be one of the reasons for not showing an increasing trend 
of eEPS with MLSS in #4.2. MBR operation #3 with higher organic loading rate 
showed an increased biomass yield (0.2975 g-MLSS/g-COD) compared to MBR 
operation #2, while showing similar values of decay rate of biomass (Table 5.3). It 
was found that the decay rate of eEPS ( dpk ) for MBR operation #3 was 0.1137 day-
1. Loading rates of #3 and #4.2 are different (Table 5.2) and therefore, they give 
different trends of variations of MLSS and eEPS. During the modelling process, 
MBR operation #4 was divided into two phases as shown in Table 5.2, to obtain 
well fitted curves and more realistic kinetic parameter values. It was found that the 
biomass yield was almost same for the both phases, but dxk  and dpk values were 
reduced by 72% and 90% respectively (Table 5.3). This shows that MLSS and 
eEPS concentrations have stabilized by reducing their decay rates and not by 
increasing the biomass yield.   
5.1.4.2 Concentrations of MLSS and EPS after adding Ametryn 
At the end of MBR operation # 4, herbicide Ametryn was added (1 mg/L) to the 
synthetic MBR feed. The subsequent section of MBR operation (#5) was divided 
into four phases as both experimental MLSS and eEPS concentration trends showed 
different patterns (Figure 5.4). During these four phases of operation, Organic 
loading rate was kept unchanged. Except in one phase of operation (#5.3), in all 
other phases, MLSS and eEPS showed a negative correlation that would not usually 
be seen in usual MBR operations (Navaratna and Jegatheesan, 2010). These sudden 
and unusual fluctuations of MLSS and eEPS concentrations during first 40 days 
(transition period) after introducing Ametryn could be due to Ametryn toxicity to 
the microorganisms in the bioreactor. A rapid rate of death of microorganisms 
(declining MLSS) could be one of the main reasons for increasing the trend of eEPS 
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in the first phase of operation (#5.1). During the next two phases (#5.2 and #5.3), 
MLSS increased at higher rates and reached the MLSS concentration at 9.848g/L, 
while increasing eEPS also slightly up to 1.062 g/L. This may be due to increased 
growth of different species of microorganisms resistant to Ametryn toxicity. During 
the subsequent phase (#5.4), it was noted a drastic drop in MLSS concentration 
(probably due to the end of the life cycle of a dominant microbial community), 
while the eEPS concentration increased at a similar rate as in #5.3. In order to 
understand dxk  
and 
dpk variations during these phases better, Y was fixed at 0.1876 
g-MLSS/g-COD after several parameter estimation trials (Table 5.3). It was found 
that the dxk value in #5.1 was high (0.0348 /day), but reduced during #5.2 and #5.3 
by 88% and 52% respectively. Proportional to the reduction of MLSS concentration 
in #5.4, a higher value of death rate of biomass (0.0348 /day) was recorded. On the 
other hand, 
dpk of the initial phase was found as 0.0218 /day, but showed significant 
low rates during the next three phases of MBR operation. Subsequent to this 
transition period (#5), organic loading rate was doubled (2.15 g-COD/L/ day), and 
the MBR was operated for another 40 days (#6.1 and #6.2 in Figure 5.4).  
Variations of MLSS and eEPS concentrations during these operational phases are 
depicted in Figure 5.4. Under normal conditions, MLSS and eEPS concentrations in 
the bioreactor reached to steady state values of 12 g/L and 2 g/L respectively 
(Figure 5.3(c)). However after introduction of Ametryn, it was noted that increasing 
organic loading rate was not sensitive to the increase of MLSS and eEPS 
concentrations as before. MLSS and eEPS concentrations fluctuated between 6.5 to 
7 g/L and 1-2 g/L respectively showing a high and a reasonably stable eEPS/MLSS 
ratio (Figure 5.4). Subsequent to the transition period, a lower biomass yield was 
observed than the yield before introducing Ametryn (Table 5.3). On the other hand, 
it was found that dxk  
and 
dpk values were significantly high during the MBR 
operation phase #6.1, but recorded higher dxk  
and lower 
dpk in #6.2. 
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Figure 5.4 Simulated and experimental variations of MLSS and eEPS with time after Ametryn is introduced (1 mg/L): MBR operation #5.1 – #5.4 at organic 
loading rate of 1.08 g-COD/L/day and #6.1 - #6.2 at organic loading rate of 2.15 g-COD/L/day 
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The above results confirmed that the toxicity due to addition of Ametryn inhibited 
the functions of microorganisms especially during the transition period. 
Visvanathan et al. (2005) also found that increased NaPCP concentrations in MBR 
has produced higher toxicity to microorganisms in the bioreactor resulting higher 
secretion of EPS to increase the viscosity of MBR mixed liquor. In addition to this, 
Delgado et al. (2010) found that cytostalic drug chemicals (cyclophosphamide and 
its metabolites) in MBR feed causes reduction of sludge production (observed 
biomass yield) and increased endogenous respiration. Katsou et al. (2011) improved 
the growth of microorganisms by introducing a mineral (vermiculite 5 g/L) to their 
MBR removing heavy metals. They found that inhibition of autotrophic and 
heterotrophic biomass was reduced from 50% to 29% and from 70% to 36% 
respectively.             
COD removal of the MBR decreased rapidly (Navaratna et al., 2011) immediately 
after introduction of Ametryn to the MBR feed and gradually improved the 
removal. Further, the rate of fouling of membrane during the early stages after 
introduction of Ametryn showed an increased level probably due to higher secretion 
of EPS by microorganisms. Although the biomass production showed a reduced rate 
(for higher organic loading rate) after the transition period, a higher COD removal 
was recorded probably due to sufficient food to microorganism ratio in the 
bioreactor. Tadkaew et al. 2010 also observed that there was no significant impact 
on overall biological performance of their MBR treating trace organic contaminants 
due to the variations of MLSS concentration.   
5.1.4.3 TMP before and after adding Ametryn 
Figures 5.5(a) and 5.5(b) show TMP variations with time before (MBR operation 
#3) and after (MBR operation #6.1 and #6.2) the introduction of Ametryn to the 
MBR system. MBR was operated at a same organic loading rate. During MBR 
operation #3, TMP increased from 5.75 kPa to 21.5 kPa within 21 days whereas 
during #6.1 and #6.2, TMP increased from 8.5 kPa and 8.0 kPa to 25.5 kPa and 28,0 
kPa within 18 and 25 days respectively. 
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                                                           (a) 
 
                            
                                                         (b) 
                                                                                                                     
Figure 5.5 (a) Simulated and experimental variations of TMP with time before Ametryn is 
introduced: MBR operation #3 at organic loading rate of 2.15 g-COD/L/day: (b) Simulated 
and experimental variations of TMP with time after Ametryn is introduced: MBR operations 
#6.1 - #6.2 at organic loading rate of 2.15 g-COD/L/day 
 
It was also noted that starting TMP of #6.1 and #6.2 showed an increased figure 
during initial 48 hours (Figure 5.5(b)). During these operations (#3, #6.1 and #6.2), 
it was recorded that the rates of fouling of membrane as 0.30 kPa/day, 0.61 kPa/day 
and 0.43 kPa/day respectively. Despite of the higher MLSS and eEPS 
concentrations in the later part of MBR operation #3, both operations after Ametryn 
showed a higher rate of fouling of membrane. A possible reason for lower rate of 
fouling of membrane in #3 is due to comparatively lower concentration of soluble 
microbial products-SMP (45 to 70 mg/L) at early stages of its operation.  
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Similar results depicted in Figure 5.5(a) and b were obtained by Nagaoka et al. 
(1998), Nagaoka H. (1999) and Nagaoka et al. (2000) for the models described in 
this paper. During a different modelling study, Zarragoitia-González et al. (2008) 
also found similar simulated TMP trends for their submerged MBR. It was found 
that the simulated curve, obtained for #3 was fitted better with the experimental 
data. Model parameters for all operations are tabulated in Table 5.3.  
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5.2 Phase 2 MBR Operation 
5.2.1 Materials and Methods 
As mentioned in above section, subsequent to the Phase - 1 MBR operation (June 
2009 to November 2010) the MBR system with a new membrane module (with 
similar properties) was operated in a sub-tropical climatic condition. This MBR 
operation was carried out under controlled/uncontrolled temperature conditions for 
214 days (May to December 2011). Same composition of synthetic feed described 
in section 5.1.2.1 was used with different concentrations of Ametryn (1, 2 and 4 
mg/L). The lab-scale MBR was operated at 20 L/d with HRT of 15.6 hours during 
the first 180 days and then reduced the flow rate to 11.5 L/d with HRT of 27.1 
hours. MBR was continued to operate at this low rate until the time of termination 
of the operation in December 2012.  
During the continuous MBR operation (Phase 1 and 2), it was found that the SMP : 
eEPS ratio (free EPS to bound EPS ratio) was very small (less than 0.05) and in 
most cases, free and bound EPS show negative and positive correlation with MLSS 
respectively. However as shown in Chapter 3 during some stand alone periods in 
MBR operations (Phase 1 and 2), it was found that the fouling propensity rapidly 
escalated when the SMP concentration was high (especially after the introduction of 
Ametryn in the first instance to the bioreactor). The model was verified with SMP 
and eEPS experimental results obtained during long term operations and found that 
the model shows its best fit with eEPS (bound EPS). Therefore, eEPS results were 
used to simulate and parameter estimation in this study (Phase 1 and 2).         
It was found that the composition of microorganisms of MBR sludge was different 
in this Phase 2 operation probably due to the change of the environmental 
conditions in the new location. It was seen that the fouling of membrane of the 
MBR system behaved differently (discussed in Chapter 3). It was identified that 
filamentous bacteria and oligochaete worms appeared in different volumes during 
this operation. Hence, in most cases, the flow rate (flux) could not be increased due 
to poor filterability of mixed liquor. Due to this, HRT was maintained at 15.6 hours 
with slightly different organic loading rates as shown in Table 5.4. In order to 
control frequent fouling of membrane, chemical cleaning (method described in 
Section 5.1.3.2) and/or physical cleaning with a small brush and fingers was carried 
out as required.   
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Four operational MBR phases (#1 to #4) were selected to model (model frame work 
is shown in Figure 5.6) and discuss in this section (Table 5.4). MBR operations #1, 
#2, #3 and #4 were carried out with 0, 1, 2, 4 mg/L of Ametryn concentrations 
respectively. The operation #1 was selected from the acclimatising phase and it 
could be seen that filamentous bacteria were dominant in the bioreactor. However, a 
higher growth of biomass was observed indicating the acclimatising process was 
occurring rapidly. The increasing rate of fouling of membrane was not very high as 
the system was operated at a sustainable flux of 5.1 L/m
2
/h (below the short-term 
critical flux – see Table 3.10 of Chapter 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Model framework 
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Table 5.4 Operating and initial conditions of MBR operations 
MBR 
Operation 
# 
Feed Ametryn 
Concentration 
(mg/L) 
Operating 
period 
(days) 
Average 
measured 
Influent COD 
(mg/L) 
Max. & 
min. TMP 
range (kPa) 
Loading Rate 
L  (g-
COD/L/day) 
Initial Conditions 
Food/Micro 
ratio (g-COD 
/g-MLSS) 
Membrane 
Resistance 
mR  (m
-1)* 
MLSS x   
(g/L) 
EPS p
(g/L) 
EPS 
density m  
(kg/m2) 
1 0 23 700 3.25-5.00 1.0770 0.1806 2.18E+12 5.965 1.7270 0.0000 
2 1 15 760 5.50-13.50 1.1600 0.2435 2.98E+12 4.764 1.0410 0.0021 
3 2 32 790 3.50-4.75 1.2150 0.2455 2.83E+12 4.950 1.6960 0.0018 
4 4 18 830 5.00-7.75 1.2770 0.1658 5.12E+12** 7.700 2.5530 0.0017 
Shear stress = 5Pa 
Permeate suction flow rate was a constant – 0.13 m/d 
*Initial membrane resistance was adjusted for the observed TMP at J=0 (i.e. resistance of the cleaned membrane plus resistance required to initiate membrane flux) 
**Initial membrane resistance depends on the initial TMP (at t=0) 
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The Operation #2 was carried out after addition of Ametryn (1 mg/L). During this 
phase of operation, higher numbers of oligochaete worms were present in the MBR 
sludge and it could be seen that the membrane was fouled regularly. Physical 
cleaning of the membrane was carried out to operate the system without unexpected 
overflows due to rapid fouling of membrane.  
During the operation #3, the MBR system was fed with 2 mg/L of Ametryn and it 
was seen that a low rate of fouling of membrane. As shown in Chapter 4 and Figure 
4.3, there was no significant impact observed in the production of biomass after 
elevating the concentration of Ametryn from 1 to 2 mg/L.  In this operation, only 
small numbers of worms and filamentous bacteria were available in the bioreactor.  
In operation #4, synthetic feed with 4 mg/L of Ametryn was fed into the MBR and 
it was operated at an elevated biomass concentration (7.7 to 10.3 g/L). Unlike in 
previous occasion (#3), it was found that there was a slight declining trend in 
biomass production after increasing the Ametryn concentration from 2 to 4 mg/L. 
Subsequent to this, the biomass concentration was increased rapidly while showing 
a slightly increasing trend of trans-membrane pressure in the MBR system.     
During all four MBR operations, aeration intensity was maintained at an uniform 
level by providing a constant air flow rate of 10 L/min (Table 3.9 of Chapter 3).  
Similar to above, shear stress ( w ) was estimated at 5 Pa using equations (5-13) and 
(5-14) as per Busch et al. (2007) assuming the biofilm thickness was around 500 to 
700 µm.  
For Operation #1, which was carried out during the acclimatising phase, the initial 
eEPS density on membrane ( 0m ) was taken as zero, as the operation was started 
using a new membrane module. However, other operations (#2, #3 and #4) were 
intermediate segments of Phase 2 MBR operation and initial eEPS densities on 
membrane ( 0m ) were estimated based on the EPS concentrations (Table 5.5) of 
membrane wash-water.  
The membrane was physically cleaned with known quantity of water and EPS was 
extracted and analysed for carbohydrates and proteins. EPS extraction and analysis 
were carried out using the methods described in Navaratna and Jagatheesan (2011). 
By estimating total mass of EPS deposited on the membrane, EPS density was 
calculated (Table 5.5). It was found that the estimated EPS densities are similar to 
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the EPS densities found by Nagaoka et al. (1996). Specific resistances of EPS layers 
at different stages of MBR operation were calculated using the following expression 
used by Nagaoka et al. (1996). 
m
R
          (5-19) 
The operations (#2, #3 and #4) were conducted at 20-22 
o
C (Table 3.9 of Chapter 3) 
and therefore, the viscosity of permeate was taken as 2.83E-07 Pah, which was very 
close to 0.001 Pas value that was used by Nagaoka et al. (1998). MBR was operated 
at a constant flux of 5.1 L/m
2
/h (0.12 m/d) during all four operations and the 
resistances due to EPS layer ( R ) were calculated using the model expression 5-18 
shown in Section 5.1.2.4. It was found that the estimated specific resistances of EPS 
were from 1.2E+15 to 4.8E+15 depending on the operating TMP and the density of 
EPS. However, specific resistances of EPS estimated by Nagaoka et al. (1996) were 
much higher and varied between 10
16
 and 10
17
. On the other hand, McDonogh et al. 
(1994) found that the specific resistance of the gel layer on the membrane was 
1.3E+13. For this modelling work, the initial eEPS densities on membrane ( 0m ) 
were assumed based on the estimated EPS densities obtained for each phase of 
operation.  
Membrane resistance tests were carried out at several stages of the MBR operation 
to predict the initial membrane resistances ( mR ). However, these mR values were 
slightly adjusted during the modelling process to suit them for the initial TMP of 
each operation. Permeate viscosity (  ) was taken as 0.001 Pas (Nagaoka et al., 
1998) and as shown in  Table 5.4, β values were calculated for the each MBR 
operation using the experimental data.  Similar to the above modelling work 
(Sections 5.1.2 to 5.1.4), eEPS detachment rate constant ( ), eEPS consolidation 
rate constant ( k ), static friction coefficient ( m ), specific resistance of eEPS at 
TMP=0 ( 0 ) and specific resistance rate constant ( p ) were taken as variables 
during simulating and parameter estimating.   
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Table 5.5 Specific resistance of EPS layer on the membrane 
Operational 
Phase** 
(Operation #) 
SMPp SMPc eESPp eEPSc 
Total 
EPS 
MLSS (mg/L)  EPS 
density 
(kg/m2) 
TMP* 
(kPa) 
Total 
Resistance 
(m
-1
) 
Specific 
Resistance of EPS 
layer α (m/kg) 
In 
suspension 
Attached on 
membrane 
F 82.11 9.23 217.25 108.88 417.47 7697 2346 0.0021 9.00 6.2259E+12 2.9827E+15 
F 76.19 9.78 240.00 75.77 401.74 4680 2275 0.0020 14.00 9.6848E+12 4.8214E+15 
H 25.40 4.95 224.18 46.51 301.04 7476 1133 0.0015 4.75 3.2859E+12 2.1830E+15 
H 20.18 3.66 331.82 27.67 383.33 7005 913 0.0019 3.50 2.4212E+12 1.2632E+15 
I            4 38.12 6.34 247.45 56.72 348.63 7888 2616 0.0017 6.00 4.1506E+12 2.3811E+15 
J   112.68 101.10 42.05 19.32 275.15 5482 1698 0.0014 8.00 5.5342E+12 4.0227E+15 
*TMP at the time of membrane wash 
**Mentioned in Figure 4.3 of Chapter 4 
Operation #1 was carried out before addition of Ametryn and Specific resistance of EPS layer was not illustrated in this Table 
     
 
2 
3 
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5.2.2 Results and Discussion (Phase 2) 
5.2.2.1 Concentrations of MLSS and eEPS before adding Ametryn 
Figure 5.7(a) shows the variation of MLSS concentration (measured) with time for 
operation #1 and the simulated graph of the model equation (5-7). As seen in the 
previous section 5.1.4.1, the figure depicts that the model is well fitted with the 
experimental data and the initial MLSS concentration (5.965 g/L) increased to reach 
a steady state around 8.1g/L. Similar to the earlier section, AQUASIM software was 
used to simulate the model and used the experimental data for parameter estimation. 
It was found that the biomass yield (Y ) was 0.8808 g-MLSS/g-COD and the decay 
rate of MLSS ( dxk ) was 0.1162 day
-1
 (Table 5.6). Compared to our previous study 
described in section 5.1.4.1, biomass yield estimated in this MBR operation (#1) 
was very high. However, operation #1 was carried out during the time that the 
microorganisms acclimatised to the feed and operating conditions of the laboratory-
scale MBR. A high production of biomass (increased yield) during this period, as 
MBR was fed with synthetic wastewater, which consists of chemical compounds 
that are easily biodegradable. As shown in Figure 4.2 in Chapter 4, an increased 
biomass production was also observed at the start-up period (this was not use for 
modelling) of our previous study (Phase 1). As mentioned in section 5.1.4.1, 
Kornboonraksa et al. (2009) was also found a high biomass yield of 0.78 g-
MLSS/g-COD when they operate a hybrid MBR system for the treatment of piggery 
wastewater (~5000 mg-COD/L). 
Figure 5.7(b) shows the variation of simulated and experimental eEPS (bound EPS) 
concentration with time for Operation #1. EPS measurements were started after 10 
days to the commencement of the MBR operation (Phase 2). However, it was found 
that eEPS and MLSS were increasing with similar trends. On the tenth day of MBR 
operation, MLSS concentration was 7.36 g/L and the corresponding eEPS 
concentration was 1.73 g/L. During the next 12 days, MLSS and eEPS 
concentrations were increased up to 8.07 g/L and 3.65 g/L respectively. In this 
MBR operation (#1) with organic loading rate of 1.077 g-COD/L/day, average 
eEPS/MLSS ratio was much higher than that of recorded in our previous 
experiment (Phase 1), which was carried out in the tropical environment. It was also 
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found that the eEPS/MLSS ratio was increased from 0.235 to 0.452 during 
Operation #1.     
 
                                                           (a) 
 
                                                          (b) 
Figure 5.7 Simulated and experimental curves of (a) MLSS and (b) eEPS variations with time 
for Operation #1    
5.2.2.2 Concentrations of MLSS and EPS after adding Ametryn 
A week before the MBR operation #2, herbicide Ametryn was added (1 mg/L) to 
the synthetic feed. As shown in the Figure 4.3 of Chapter 4, immediately after 
addition of Ametryn, MLSS was declined rapidly by showing the same trend that 
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Table 5.6 Estimated parameter values using AQUASIM 
MBR 
Operation # 
Yield -Y  (g-
MLSS/g-COD) 
Decay rate of 
MLSS dxk
(/day) 
Ratio of EPS 
produced to 
increased 
MLSS   
Decay rate of 
EPS 
dpk (/day) 
EPS 
detachment 
rate constant 
 (/day/Pa) 
EPS 
consolidation 
rate constant 
k (/day) 
Static friction 
coefficient 
m  
EPS specific 
resistance 
constant 
p  
1 0.8808 0.1162 0.470 0.0992 0.0931 0.6750 0.0025 2.275E+07 
2 0.5796 0.1003 0.319 0.1132 0.1245 0.9357 0.0067 2.407E+08 
3 0.3949 0.0478 0.283 0.1129 0.0645 0.0575 0.0015 6.115E+07 
4 0.8269 0.0972 0.302 0.0939 
Experimental TMP shows a decreasing trend and the model does not fit for 
such situations 
Specific resistance of EPS at TMP=0 ( 0 ) is taken as 7.50E+09 for every operational phase (AQUASIM averages for the best fit) 
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was observed during our previous study (Figure 5.4; Operation #5.1). This research 
finding confirms that the introduction of an organic compound such as Ametryn, 
which is persistent (lower biodegradability) and toxic, would influence the MBR to 
decline its MLSS concentration temporary. Then the MLSS concentration increased 
from 4.76 g/L to 6.20 g/L while showing a similar increase of eEPS from 1.04 g/L 
to 2.50 g/L (Figure 5.8).  A similar increasing trend of MLSS was seen during the 
operations #5.2 and #5.3 of Phase 1 MBR operation (Figure 5.4). In this occasion, 
operation #2 was not divided into two sections as previous, but it could be seen that 
initially produced eEPS was very less (in our previous study it was reduced slightly) 
and started to increase the concentration rapidly.     
 
Figure 5.8 Simulated and experimental curves of MLSS and eEPS with time for Operation #2   
Although the eEPS/MLSS ratio was slightly lower compared to Operation #1, it 
was noted that soluble microbial products (free EPS) in the mixed liquor was 
significantly higher causing severe fouling of membrane (Figure 4.3 of Chapter 4). 
It was also found that the steady state MLSS concentration (around 6.20 g/L), 
which is given by 
dx
stdy
k
YL
x   , was significantly lower than that of obtained during 
the operation #1 (8.07 g/L). This also reflects from the parameters Y and dxk  
estimated using AQUASIM software (Table 5.6). After addition of Ametryn, Y was 
decreased to 0.5796 recording a 34% reduction in the production of biomass. This 
consolidates one of our important conclusions of this research work by confirming 
the results obtained during the Phase 1 MBR operation described in section 5.1.3. 
As described in Chapter 3, it was seen that oligochaete worms (A. hemprichi) were 
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present in MBR sludge and the previous research studies on these worms indicate 
that the biomass yield is also low when the worms (considered as predators) exist in 
activated sludge (Wei et al., 2003a; Hendrickx et al., 2009a; Wang et al., 2011; 
Tamis et al., 2011; Menniti and Morgenroth, 2010). Subsequent to this Operation 
(#2), MLSS concentration was declined rapidly and stayed around 5 g/L (Figure 4.3 
of Chapter 4). This unstable period in the bioreactor after addition of Ametryn was 
defined as “transition period” during our previous study (see section 5.1.4.2). 
However, it was found that the length of this transition period was limited to a 
shorter period during this study (about 30 days compared to 40 days in previous 
occasion).    
Figure 5.9 shows the variation of simulated and experimental results of MLSS and 
eEPS concentrations during operation #3 with an increased Ametryn concentration 
of 2 mg/L. According to Figure 4.3 of Chapter 4, it could be seen that the increasing 
trend of MLSS was not interfered by increasing the concentration of Ametryn in the 
the bioreactor. In this case too, MLSS and eEPS were increased from 4.95 g/L to 
8.97 g/L and 1.70 g/L to 2.69 g/L respectively. However, it was found that the 
eEPS/MLSS ratio was reduced slightly from 0.343 to 0.300. As described in 
Chapter 3, it could also be seen a very sustainable operation with low rate fouling of 
membrane during operation #3.    
 
Figure 5.9 Simulated and experimental curves of MLSS and eEPS with time for Operation #3 
As indicated in Chapter 3, in operation #3, less numbers of worms were present and 
showed very low concentrations of SMP. On the other hand, Operation #3 was 
conducted with slightly higher organic load (1.215 g-COD/L/day) compared to the 
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previous operation (#2) and a lower biomass yield (Y ) was recorded (0.3949 g-
MLSS/g-COD). However, the biomass decay rate was very low (0.0478 d
-1
) 
indicating a higher 
stdyx  value of 9.25 g/L approximately. This shows that less 
number of worms during this operational phase was a probable reason to increase 
the production of biomass in the bioreactor.     
During Operation #4, the MBR system was operated at a higher organic loading rate 
of 1.28 g-COD/L/day and it was found that MLSS and eEPS concentrations were 
increased rapidly with time and settled at a higher steady states. In this operation, 
MLSS and eEPS concentrations were increased from 7.70 g/L to 10.32 g/L and 
from 2.55 g/L to 3.1.8 g/L respectively (Figure 5.10). The eEPS/MLSS ratio of 
MBR sludge was decreased from 0.3316 to 0.3081 indicating declining rate of 
production of bound EPS with respect to MLSS. During this period, it was also 
found that the rate of fouling of membrane was not very high and MBR operation 
functioned smoothly without physical or chemical cleaning of membrane. 
 
Figure 5.10 Simulated and experimental curves of MLSS and eEPS with time for Operation #4 
According to Figure 4.3 of Chapter 4, it could be seen that a rapid decline of MLSS 
after it reached its steady state 
stdyx  (after each operation #2, #3 and #4). Although 
an impact on the biomass concentration was not seen when increasing the Ametryn 
concentration from 1 mg/L to 2 mg/L, MLSS concentration decreased slightly when 
the concentration of Ametryn was increased from 2 mg/L to 4 mg/L. Therefore, it 
can be stated that the addition of Ametryn to a MBR, initially decreased its MLSS 
concentration, then increased and rapidly decreased after it reached its steady state. 
This sinusoidal pattern of MLSS variation was also seen during the transition period 
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of the previous study (Figure 5.4). It was also found that the model presented in this 
Chapter was well fitted to the experimental data obtained from the laboratory scale 
MBR treating Ametryn.  
5.2.2.3 Change of TMP before and after adding Ametryn  
Figures 5.11(a) and (b) show TMP variations (simulated and experimental) with 
time before (Operation #1) and after (Operation #2) the introduction of Ametryn to 
the MBR system respectively. The simulated curves in both occasions were well 
fitted with the experimental data. In Operation #1 and #2, TMP values were 
increased from 3.25 kPa to 5.0 kPa and from 4.7 kPa to 9.0 kPa respectively. As 
described in Chapter 3, unlike in the previous study (Phase 1), in this occasion, the 
membrane was fouled very rapidly in many occasions probably due the higher 
concentrations of EPS in the bioreactor.  
The mathematical model was used to estimate the kinetic parameters related to 
fouling processes in MBR. The estimated parameters are indicated in Table 5.6.  As 
shown in Figure 5.11(b), unlike in Phase 1 MBR operation, during Phase 2 MBR 
operation, a sudden TMP increase after addition of Ametryn was not recorded in 
operation #2. However, as mentioned before, the part of operation #2 was selected a 
week after the addition of Ametryn. As shown in Figure 4.3 of Chapter 4, it could 
be seen that with addition of Ametryn to the system at first instance (1 mg/L), TMP 
increased rapidly. Due to the high fouling propensity during this stage of MBR 
operation, it could not be accurately concluded that this rapid TMP increase was 
solely due to the addition of Ametryn. However, by comparing this fouling trend 
with the previous results (Phase 1), it could be stated that the addition of Ametryn to 
a MBR system has an impact on sudden increase of TMP. When analysing the 
estimated parameters related to fouling of membrane (Table 5.6), it could be found 
that most of the parameters such as detachment rate constant ( ), eEPS 
consolidation rate constant ( k ) and static friction coefficient ( m ) were highest for 
operation #2 (with the most increased fouling trends) and lowest for operation #3 
(with the lowest fouling trends). The rate constant (
p ), which is closely related to 
specific resistance of the EPS layer, was highest in operation #2 as expected but 
lowest in operation #1, which was carried out at the acclimatising phase. During 
Operation #1, the operation was commenced using a new membrane and probably 
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this may be one of the reasons for showing lower specific resistance during this 
phase of operation.  
 
                                                        (a) 
  
                                                        (b) 
Figure 5.11 Simulated and experimental curves of TMP for Operations (a) #1 and (b) #2 
Similar to Phase 1 MBR operation, specific resistance of EPS layer at TMP=0 ( 0 ) 
was considered as 7.50E+09 during the modelling work of Phase 2 MBR process. 
The rate constant (
p ) was also high after the introduction of Ametryn to the MBR 
system (Table 5.3) during Phase 1 MBR operation. However, by increasing the 
concentration of Ametryn after the initial transition period did not impact on the 
model parameters. This was probably due to acclimatising the MBR system to 
Ametryn toxicity and not producing high amounts of EPS.  
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As the two experimental conditions (sludge and operating) were different, the 
parameters obtained cannot be compared. However, even at lower temperatures, it 
could be found that higher biomass yield and increased decay values in Phase 2 
with oligochaete worms. Indicating higher bound EPS concentrations in Phase 2, it 
was found that the   values were higher than the previous occasion. The hydrolysis 
or decay rate of bound EPS was also higher in Phase 2 (high 
dpk values). In both 
phases of MBR operation, a considerable increase of the specific resistance constant 
(
p ) was recorded after introducing Ametryn indicating a higher membrane 
resistance during transition period.        
5.3 Conclusions 
A mathematical model was developed to describe the processes of production and 
decay of MLSS and eEPS, process of changing eEPS density and the consolidation 
process of eEPS on the membrane surface before and after adding Ametryn. The 
model explains how these processes contribute to change/increase the trans-
membrane pressure (TMP). It was found that the mathematical model (simulated 
curves) was well fitted with the experimental results obtained during Phase 1 and 2 
MBR operations which were carried out under different sludge and operating 
conditions.  
 In Phase 1, introduction of 1 mg/L of Ametryn during Phase 1 MBR 
operation reduced the biomass yield from 0.2975 (before adding Ametryn) 
to 0.1968 g-MLSS/g-COD (34%) and death rate increased from 0.0500 /day 
to an average level of 0.0631 /day (26%)  for an organic loading rate of 2.15 
g-COD/L/day.  
 Much higher biomass yields were found during Phase 2 operation with 
oligochaete worms in the MBR mixed liquor (in sub-tropical climatic 
conditions), and introduction of Ametryn (1 mg/L) reduced the biomass 
yield from 0.8808 to 0.5796 g-MLSS/g-COD (34%) and death rate 
decreased from 0.1162 to 0.1003 /day (14%) for an average organic loading 
rate of 1.1185 g-COD/L/day. 
 A positive correlation was found between organic loading rate and biomass 
yield for the MBR operations with and without Ametryn.  
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 In Phase 1, an elevated and a stable EPS concentration (EPS: MLSS = 0.17) 
and a higher rate of increase of TMP (3.48 times during first 48 hours and 
thereafter 1.73 times) were recorded during the MBR operations with 
Ametryn (1 mg/L).  
 In Phase 2, EPS density deposited on the membrane varied in the range of 
1.4 to 2.1 g/m
2
 and the specific resistance of EPS increased from 1.26E+15 
to 4.82E+15 when TMP increased from 3.5 to 14.0 kPa. 
Indicating higher bound EPS concentrations in Phase 2, it was found that the   
values were higher than the previous occasion. The hydrolysis or decay rate of 
bound EPS was also higher in Phase 2 (high 
dpk values). In both phases of MBR 
operation, a considerable increase of the specific resistance constant (
p ) was 
recorded after introducing Ametryn indicating a higher membrane resistance during 
transition period.  
The model described in this chapter is not capable of simulating and predicting the 
the removal of Ametryn from the MBR. Therefore, the model can be improved by 
amalgamating or integrating necessary models that can predict and simulate the 
removal of Ametryn from wastewater in future studies.    
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Nomenclature 
   
 EPS  eEPS concentrations in the bioreactor (g/L) 
 
eEPS  effluent eEPS concentrations (g/L)  
 
iEPS  influent eEPS concentrations (g/L)  
 g  the constant of gravity (9.81m/s
2
) 
 J  flux through the membrane (m/d) 
 
dmk  detachment rate of eEPS (day
-1
) 
 
dpk  decay rate of eEPS (day
-1
) 
 dxk  death (endogenous decay) rate of MLSS (day
-1
) 
 
k  rate constant concerning the consolidation process (day
-1
) 
 m  eEPS density on the membrane surface (kg/m
2
) 
 0m  initial eEPS density on membrane (kg/m
2
) 
 P
 
trans-membrane pressure -TMP (Pa) 
 p  eEPS concentration in MBR mixed liquor (g/L) 
 
eQ  effluent (permeate) flow rate (L/day) 
 
iQ  influent (organic feed) flow rate (L/day) 
 wQ  sludge waste flow rate (L/day) 
 R
 
the total filtration resistance (m
-1
) 
 
dR  MLSS decay rate (g/L/day) 
 
gR  MLSS growth rate (g/L/day) 
 mR  membrane resistance (/m) 
 
eS  effluent COD concentrations (g/L) 
 iS  influent COD concentrations (g/L) 
 t  time (day) 
 V  hydraulic volume of the bioreactor (L) 
 x  MLSS concentration in the bioreactor (g/L) 
 
ex  effluent MLSS concentrations (g/L) 
 
ix  Influent MLSS concentration (g/L) 
 
stdyx  steady state MLSS concentration (g/L) 
 wx  waste MLSS concentration (g/L) 
 Y  MLSS yield due to influent COD (g-MLSS/g-COD) 
 
0Y  observed biomass yield (g-MLSS/g-COD) 
   
Greek letters 
 
 
specific resistance of EPS (m/kg) 
 
o  specific resistance of EPS at 0P (m/kg) 
 
p  constant (m/kg/Pa) 
 
  the ultimate value of  (m/kg) 
   the ratio of produced EPS to increased MLSS (g-EPS/g-MLSS) 
   constant (day
-1
 Pa
-1
) 
 
 
thickness of EPS biofilm on the membrane (m) 
 
m  static friction coefficient (-) 
   viscosity of permeate (Pa s) 
 
s  specific MLSS growth rate (day
-1
) 
 
g  density of air (kg/m
3
) 
 ML  density of MBR mixed liquor (kg/m
3
) 
 
w  density of water (kg/m
3
) 
 
m  shear stress (Pa) 
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CHAPTER 6 
 
6. GENERAL CONCLUSIONS  
Use of pesticides and herbicides is an essential agricultural activity in the present 
world and hence large quantities of pollutants are discharged to sensitive 
environments such as Great Barrier Reef ecosystem. Due to these discharges, there 
is an enormous impact on the environment and the short and long-term health of all 
life forms including humans. Therefore, finding a method to reduce the discharges 
of these harmful substances is considered as very important. Subsequent to a 
detailed literature review on various possible methods to remove organic pollutants 
from wastewater and agricultural discharges, a hybrid system consists of a 
Membrane Bioreactor (MBR), an UV disinfection unit and a Granular Activated 
Carbon (GAC) filter was selected for this study. The hybrid treatment system was 
operated at different operating, sludge and environmental conditions to investigate 
its treatment and operating performance. Based on the findings of this study, the 
most important concluding statements are listed below. 
 The critical flux values obtained from short-term MBR experiments were 
varied depending on the sludge conditions and presence of Ametryn in the 
bioreactor. Short-term experiments estimate exaggerated critical flux values 
compared to long-term flux values. The most sustainable flux for a MBR 
treating Ametryn is 5.1 L/m
2
/h (valid for different sludge and environmental 
conditions) and can be operated for long periods without chemical cleaning.  
 A mathematical model has been developed to predict the critical time which 
needs to clean the membrane chemically during MBR subcritical operations. 
The model is very sensitive to the initial TMP variations of long-term MBR 
operations.  
 Oligochaete worms can grow faster in a MBR when the temperature of 
mixed liquor and the aeration intensity is high. High rate of predation by 
worms reduces the solid concentration (MLSS) in the bioreactor. The flocs 
break and produce high amounts of soluble microbial products (SMP) and 
extracellular polymeric substances (EPS) due to the nature of consumption 
and fast movement across the reactor by worms. The high production of 
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SMP, EPS and dispersed microorganisms/sludge (smaller particles/flocs) 
lead to high fouling propensity. 
 SMP concentration was increased and eEPS concentration was reduced 
considerably immediately after the introduction of Ametryn (during the 
transition period). Subsequent to the transition time, both SMP and eEPS 
concentrations were increased with the increase of influent Ametryn 
concentration. Protein is the dominant component of EPS. Introduction of 
Ametryn produces more protein than carbohydrates, but carbohydrates in 
SMP are more responsible for fouling of membrane.  
 Removal efficiency of Ametryn by biological treatment alone is very 
inconsistent and therefore, for a reliable treatment of Ametryn, a 
MBR/UV/GAC hybrid system is very vital. The hybrid MBR system 
removes Ametryn (1 to 4 mg/L) efficiently at HRT of 15.6 hours with the 
following contributions from each individual reactor;  
o Anoxic feed tank – 15 to 30% 
o MBR – 30 to 40% (when oligochaete worms are present – up to 
60%)  
o UV/GAC system – removes the remaining Ametryn to achieve 100% 
removal  
 Five common bacterial colony types (Gram negative, Gram positive bacilli 
and Gram negative cocci) were found in MBR mixed liquor that was used 
for treating Ametryn for 3 months. All three bacilli types out of five 
common bacterial types were more resistant to Ametryn.  
 A mathematical model has been developed using AQUASIM software for 
predicting the mechanism of fouling of membrane that includes the 
production and decay of MLSS and eEPS, the process of changing eEPS 
density and the consolidation process of eEPS on the membrane surface for 
a MBR treating Ametryn. Kinetic parameters were estimated for MBR 
operations in two different climates and found that 
o the biomass yield (Y ) is reduced by 34% after introduction of 
Ametryn (1 mg/L) for both MBR operations (Phase 1 and 2) and  
o the death rate ( dxk ) increased by 26% (tropical and without worms) 
and decreased by 14% (sub-tropical and with worms) after 
introduction of Ametryn.          
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SI #3.1 MBR clear water flux test results and chemical cleaning procedure of 
membrane  
MBR clear water flux test results: The following figure shows the variation of 
TMP with clear water flux at some selected stages of MBR operation (Phase 1 and 
2). The tests that were carried out in February and August 2010 were for old 
membrane and therefore, it could be seen that the membrane resistance after 
chemical cleaning was high. Although the chemical cleaning procedure was same 
for all tests, it was found that the TMP/flux profiles show very different trends. For 
example, the test that was carried out in August 2010 showed less membrane 
resistance than the resistance showed from the test carried out in February 2010. 
Generally, these tests should show increasing membrane resistance with time due to 
deterioration of the membrane performance. Similar results were also found for the 
new membrane. The first two tests with tap water and distilled water were carried 
out in March 2011 showed very small membrane resistance. These tests were 
carried out before the commencement of MBR operation (Phase 2).     
When analysing these results closely, it was found that the trends of these TMP 
profiles with clear water flux follow have a close relationship with the overall 
fouling trends at particular phase of long-term MBR operation. It was found that the 
effectiveness of chemical cleaning varied with the characteristics of the foulants 
(cohesion, particle size, hydrophobicity, etc.) attached onto the membrane.    
Chemical cleaning procedure 
Step 1 – Feed and permeate suction pumps were switched off and the membrane 
module was removed from MBR. Next, the structure of the membrane was wiped 
and cleaned. The membrane was then cleaned physically using fingers and a small 
brush with a known quantity of water (say 1 L). The sample was mixed well and 
preserved it at -20 
o
C for further analysis (MLSS/MLVSS, EPS, etc.). 
Step 2 – The membrane was cleaned further using clean tap water to remove any 
other solid particles attached on it. Then the membrane was immersed in a NaOCl 
bath (13 L of 3 g/L) for 30 minutes. The NaOCl bath was bubbled using a supply of 
air (10 L/min) through a manifold with 20 of 1 to 3 mm holes.  
Step 3 – Then the membrane backwashed at 100 mL/min using same NaOCl 
solution for 20 minutes while aerating the NaOCl bath at same rate in Step 2.     
S3 
 
 
 
Figure SI-3.1 Variation of TMP with clear water flux at different stages of MBR operation 
y 1= 0.231x + 1.0333 
R² = 0.9823 y2 = 0.125x + 1.8472 
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Step 4 – Then the membrane was immersed in a clean water bath of same volume 
and then it was backwashed for another 20 minutes while aerating the bath at same 
intensity. 
Step 5 – The membrane was immersed in a another clean water container and 
carried out a clean water flux test with flux step height of 3 L/m2/h and flux step 
duration of 5 minutes  
Step 6 – The membrane was immersed again in the bioreactor and adjusted the 
permeate suction rate 
Note: During this process of cleaning the membrane module, the bioreactor was 
also aerated at the same intensity to keep the microorganisms alive.     
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SI #3.2 Relationship of Dissolved Oxygen concentration and supply of air 
 
 
Figure SI-3.2 Establishing DO calibration curves 
 
 
 
Figure SI-3.3 Variation of DO with Temperature (a) Saturated air and (b) Tap water 
(a) 
(b) 
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Figure SI-3.4 (a) Variation of DO with aeration intensity at MLSS of 8.7 g/L; Variation of DO 
and MBR mixed liquor for (b) 10 L/min and (c) 15 L/min 
 
 
 
(b) 
(a) 
(c) 
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Table SI-3.1 Critical Time Estimation for Phase 1 
Parameter 
Before Ametryn 2010 (included in Chapter 3)   After Ametryn 2010 (Transition Period)     
Operation #1 Operation #2  Operation #3 Operation #4   
 (May 2010)  (June/July 2010)    (July 2010)  (August 2010)     
Flow Rate (L/h) 2.1 1.05 
 
1.05 1.05     
Initial Flux - 0J (L/m
2
/h) 
 
10.5 5.25 
 
5.25 5.25 
  
Critical Flux - cJ  - using the most immediate short-term 
critical flux test (L/m
2
/h)          
15 15 
 
9 9 
  
SMP (free EPS) - 
fC ( mg/L) 
 
105.6 162.56 
 
189.25 201.25 
  
eEPS (bound EPS) - bC (mg/L) 
 
1374.58 951.85 
 
972.5 1012.5 
  
Rate of change in TMP with Flux – r (kPa/(L/m2/h)) 0.35 0.519 
 
0.95 0.95 
  
r
QCkC bf
for long term subcritical operation (1/(kPah) 1.95E-04 1.81E-04 
 
3.58E-04 3.12E-04 
  
Coefficient of fouling propensity – k  (m2h/g2) 2.24E-10 5.78E-10 
 
1.76E-09 1.39E-09 
  
Critical Time using Equation (3) ct  (hrs.) 418.63 1317.98  
233.36 267.76 
  
Experimental critical time t (hrs.) 385 >9501   168 240     
ct
t
 0.9197 NA  0.7199 0.8963   
NA – Not applicable 
1 Terminated MBR operation after operating the system for over 500 days 
2 MBR system initially showed a smooth continual operation, but the membrane was started to foul very rapidly at this time and also showed a pink colour permeate 
3 MBR operation was stopped for Critical flux tests and the membrane was washed chemically   
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Table SI-3.2 Critical Time Estimation for Phase 2 
Parameter 
  Before Ametryn 2011   
After Ametryn 2011  
(Transition Period) 
  
After Ametryn 2011  (after 
Transition Period) 
 Operation #5  Operation #6   Operation #7  Operation #8   Operation #9  Operation #10  
   (June/July 
2011) 
(July 2011)    (Aug. 2011)  (Aug.-Sep. 
2011) 
  (Sep.– Oct. 
2011) 
 (Oct.-Nov. 
2011) 
Flow Rate (L/h)   1.05 1.05   1.05 1.05   1.05 1.05 
Initial Flux - 0J (L/m
2
/h) 
 
 
5.25 5.25 
 
5.25 5.25 
 
5.25 5.25 
Critical Flux - cJ  - using the most immediate short-term 
critical flux test (L/m
2
/h)           
12 12 
 
9 9 
 
33 18 
SMP (free EPS) - 
fC ( mg/L) 
 
 
43.74 41.49 
 
117.63 42.67 
 
29.89 46.38 
eEPS (bound EPS) - bC (mg/L) 
 
 
2132 2322 
 
1144 1986 
 
2658 2879 
Rate of change in TMP with Flux – r (kPa/(L/m2/h)) 
 
0.658 0.658 
 
1.277 1.277 
 
0.221 0.456 
r
QCkC bf
for long term subcritical operation (1/(kPah) 
 
3.40E-04 4.00E-03 
 
5.20E-04 3.77E-04 
 
2.33E-04 1.86E-04 
Coefficient of fouling propensity – k  (m2h/g2) 
 
2.28E-09 2.60E-08 
 
4.70E-09 5.41E-09 
 
6.17E-10 6.05E-10 
Critical Time using Equation (3) ct  (hrs.)  
478.91 40.71 
 
119.52 164.85 
 
3110.58 1590.75 
Experimental critical time t (hrs.)   425 38   96 150   5902 >9843 
ct
t
  0.8874 0.9335  0.8032 0.9099  NA NA 
NA – Not applicable 
1 Terminated MBR operation after operating the system for over 500 days 
2 MBR system initially showed a smooth continual operation, but the membrane was started to foul very rapidly at this time and also showed a pink colour permeate 
3 MBR operation was stopped for Critical flux tests and the membrane was washed chemically   
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Figure SI-3.5 Variation of 1/TMP with Time for the long-term operations (linear section) for 
estimating 
r
QCkC bf
 value to determine critical time in long-term operations of MBR (from (a) to 
(f) – operation numbers from #5 to #10) 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure SI-3.6 Variation of TMP with membrane flux for the short-term critical flux tests (a) #5 and #6; (b) #7 and #8; (c) #9 and (d) #10 for estimating “r value” to 
determine critical time in long-term operations of MBR 
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Figure SI-3.7 Colour of the bound EPS solution and the variation of its colour with pH 
 
 
 
 
PH – 12.5 PH – 9.5 PH – 8.5 PH – 7.0 
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Figure SI-3.8 MBR Mixed Liquor (a) Phase G and (b) Phase H 
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Figure SI-3.9 Sludge attached onto membrane (a) Phase G and (b) Phase H 
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Figure SI-3.10 Sludge attached onto membrane-structure/pipes (a) Phase G and (b) Phase H 
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Figure SI-3.11 FTIR Spectrum for Ametryn 
 
 
 
 
 
Figure SI-3.12 FTIR Spectrum Bovine Serum Albumin (BSA) – Protein concentration 
standard 
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Figure SI-3.3 Particle (floc) sizes of MBR suspended and attached sludge related information  
Operational 
Phase  
MBR suspended mixed liquor   
Sludge attached onto 
membrane 
  
Sludge attached to membrane 
structure (pipes and frame) 
d(0.1) d(0.5) d(0.9)   d(0.1) d(0.5) d(0.9)   d(0.1) d(0.5) d(0.9) 
F 17.259 74.070 268.237 
 
16.296 77.051 325.826 
    G 24.378 110.146 291.975 
 
12.544 47.918 257.335 
    H 34.532 156.280 413.762 
 
23.275 102.610 363.675 
    H 52.499 221.804 604.568 
 
34.241 115.796 448.439 
 
49.984 213.000 593.921 
H 53.176 230.192 628.554 
 
36.082 153.417 522.767 
    I 54.365 221.550 600.780  31.240 117.880 495.803  55.198 232.479 639.500 
 
 
  
 
 
 
Figure SI-3.13 PSD spectrums on Phase F: (a) suspended mixed liquor; (b) Sludge attached to membrane 
(a) (b) 
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Figure SI-3.14 PSD spectrums on Phase G: (a) suspended mixed liquor; (b) Sludge attached to membrane 
    
 
Figure SI-3.15 PSD spectrums on Phase H: (a) suspended mixed liquor; (b) Sludge attached to membrane 
(a) (b) 
(a) (b) 
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Figure SI-3.16 PSD spectrums on Phase I: (a) suspended mixed liquor; (b) Sludge attached to membrane 
 
  
 
 
Figure SI-3.17 PSD spectrums on Phase I: (a) Phase H; (b) Phase I 
(a) (b) 
(a) (b) 
S19 
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Figure SI-4.1 UV unit (UP-1K SS) 
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Figure SI-4.2 Energy required from an ultra violet lamp to be able to destroy microorganisms 
in water (Germicidal range from 200 to 280 nm with the peak at 260 nm) 
 
 
 
 
Figure SI-4.2 The Electromagnetic radiation spectrum 
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Figure SI-4.3 Typical spectral energy distribution of a non-ozone producing low-pressure 
mercury vapour ultra violet lamp 
 
 
 
 
 Figure SI-4.4 Total UV dosage calculations of a UV disinfection system 
 
 
Table SI-4.1 TUVD values for the laboratory UV unit 
Germicidal UV Lamp (UV-C): 20.3 W and 254 nm 
Flow rate (mL/min) Flow type HRT (seconds) TUVD µWsec/cm
2
 
17 (20* L/day) Laminar 2136 13,593,243 
25 (30* L/day) Laminar 1453 9,243,405 
35 (40* L/day) Laminar 1037 6,602,432 
*with intermittent permeate suction 
**Flow is very small for this unit (laminar flow) and TUVD values are very high (in general, for STP’s maximum UV dosage 
is around 75,000 µWsec/cm2) 
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Figure SI-4.5 Procedure of estimating TUVD for an UV disinfection system 
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SI #4.2 Calibration curves for Merck zero oxygen water (blank and dilutes) 
 
Table SI-4.2 Calibration data (a) 10 to 150 mg/L and (b) 25 to 1500 mg/L Merck COD test kits 
  
Sample [mg/L] Abs. @ 445nm 
0 0 
10 -0.0211 
25 -0.0527 
50 -0.1055 
75 -0.1599 
100 -0.2009 
125 -0.2701 
*dilutions and blank were prepared using laboratory distilled water 
 
 
 
 
 
 
 
 
Figure SI-4.6 COD calibration curve for(a) 10 to 150 mg/L and (b) 25 to 1500 mg/L Merck 
COD test kits  
 
(b) 
Sample [mg/L] Abs. @ 605 nm 
0 0 
100 0.0409 
250 0.0989 
500 0.2094 
750 0.3066 
1000 0.3925 
 
(a) 
(a) 
(b) 
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Table SI-4.3 Calibration data for low test kits (10 to 150 mg/L) – Zero COD water 
Glucose 
standards - 
COD/ (mg/L) 
Absorbance at 445nm  
Average 
Absorbance Run 1 Run 2 Run 3 
0 
   
0.0000 
10 -0.02 -0.0192 -0.0214 -0.0202 
20 -0.0492 -0.0319 -0.0522 -0.0444 
40 -0.0803 -0.0667 -0.0749 -0.0740 
60 -0.1262 -0.1165 -0.1098 -0.1175 
80 -0.157 -0.1458 -0.1487 -0.1505 
100 -0.1684 -0.1654 -0.1589 -0.1642 
120 -0.2057 -0.204 -0.2003 -0.2033 
140 -0.2569 -0.2584 -0.2536 -0.2563 
*dilutions and blank were prepared by Merck zero COD water 
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SI #4.3 HPLC Analysis of Ametryn 
 
Method and equipment details  
Time                  Water    Acetonitrile        Flow 
   A%        B%                           
0 mins                   75         25                   0.5 mL/min 
6 mins                   65         35                   0.5 mL/min 
20 mins                 20         80                   0.5 mL/min 
30 mins                 20         80                   0.5 mL/min 
 
Pumps: Varian Prostar 210  
Detector: Varian Prostar 325 UV-Vis 
Autosampler: Varian Prostar 410 
Injection volume: 100uL sample loop 
Column: Phenomenex Luna 250*4.6mm 5u 
 
 
 
 
Figure SI-4.7 HPLC spectrum overlay for standards 
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Figure SI-4.8 HPLC spectrums (a) 0.5 mg/L (b) 1 mg/L (c) 2 mg/L and (d) Sample #37 – 
concentration of 2.75 mg/L 
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Table SI-4.4 Isotherm test results, GAC specifications and laboratory GAC column design for Phase 2 operations 
(Source: Naylor, 2010) 
 
Herbicide GAC Type 
  Langmuir 1   Langmuir 2   Freundlich 
  qm (mg/g) Ka (dm3/mg) r
2
   qm (mg/g) Ka (dm3/mg) r
2
   1/n KF r
2
 
Atrazine PHO 12/30  212.8 0.118 0.912  178.6 0.151 0.997  0.778 22.3 0.999 
Atrazine GI 1000 12/30  144.9 0.373 0.993  156.3 0.325 0.999  0.634 78.1 0.976 
Ametryn GI 1000 12/31  95.1 0.821 0.999  98.7 0.782 0.999  0.396 3603.1 0.975 
Diuron GI 1000 12/32   35.9 5.555 0.585   114.2 0.406 0.991   0.738 2382.1 0.983 
 
Herbicide GAC Type 
  Sips   Redlich-Peterson   Temkin 
  q (mg/g) b (L/mg) 1/n r2   g B (dm3/mg) A (dm3/g) r2   AT bT r2 
Atrazine PHO 12/30  304.2 0.17 0.641 1  0.731 0.388 35 0.982  2.61 80.6 0.941 
Atrazine GI 1000 12/30  120 0.301 1.22 0.999  1.37 0.176 46.9 0.999  4.19 78.16 0.998 
Ametryn GI 1000 12/31  193.9 0.587 1.111 0.996  0.915 1.676 111 0.999  14.37 157.63 0.993 
Diuron GI 1000 12/32   380.3 0.822 0.769 0.995   1.698 0.129 41.9 0.92   4.28 87.6 0.744 
 
Initial 
Concentration 
(mg/L) 
Experimental 
qe 
  Pseudo-first-order kinetic model   Pseudo-second-order kinetic model 
  k1 Calculated qe R
2
   k2 Calculated qe R
2
 
10 70.3  2.53E-02 91 0.962  4.89E-05 142.9 0.713 
5 60.4  1.38E-02 65.3 0.974  1.38E-04 83.3 0.894 
1 20.7   1.15E-02 23.3 0.933   1.00E-06 333.3 0.018 
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Table SI-4.5 Adsorption capacities found during isotherm experiments (Naylor, 2010) 
Concentration 
(mg/L) 
qe(mg/g) 
Ametryn   Atrazine   Diuron 
GI 1000   GI 1000 PHO 12/30   GI 1000 
0.1   2.33 3.46   
0.7      12.85 
1 20.68  21.83 17.85   
3      44.84 
5 60.39  77.55 36.74   
7.5   89.46 74.94  95.9 
10 70.26   100.75 94.36     
 
Table SI-4.6 GAC specifications (Haycarb PLC, Sri Lanka)  
PRODUCT: COAL BASED GRANULAR ACTIVATED CARBON 
ACTIVATION: HIGH TEMPERATURE STEAM ACTIVATION 
HAYCARB GRADE: HAYCOAL GI 1000 12/30 
  DATE: Feb-09 
   
PARTICLE SIZE: 12 (1.70 mm) 
:   Max  
10 %  
DISTRIBUTION 12 x 30 (1.70 x 0.60 mm)  
:     Min 
85 % 
(ASTM Mesh/mm) -30  (0.60 mm)         
:   Max  
10 %  
APPARENT DENSITY: 0.44 (g/cm
3
) 
  IODINE NUMBER: >1000  
   MOISTURE (% by Wt): <2 Max  (as packed) 
  HARDNESS NO: >95 % 
   Ph 8-Sep 
   ASH <8 %       
 
Table SI-4.7 Design of the Laboratory scale GAC column for a maximum design flow rate of 
17 mL/min and a maximum Ametryn concentration of 3 mg/L 
Laboratory scale GAC filter data     
Carbon type HAYCOAL GI 1000 12/30 
Column internal diameter (mm) 70 
Column area (mm2) 3850 
Carbon bed depth (mm) 150 
Carbon bed volume (L) 0.5775 
Flow rate (from MBR) - L/min 0.017 
Hydraulic loading (L/min/m2) 4.415584416 
Empty Bed Contact Time (EBCT) - min 33.97058824 
Maximum Ametryn influent concentration (mg/L) 3 
Maximum Ametryn discharge concentration (mg/L) 0.01 
Apparent density of GAC (g/cm3) 0.44 
Maximum moisture content (10%) 5 
Weight of GAC (g)  266.805 
Total operation time (days) 180 
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SI #4.5 Microorganisms found in MBR mixed liquor  
 
 
 
Figure SI-4.9 Bacterial types resistant to Ametryn (details in Table SI-4.8) 
 
 
Table SI-4.8 Details of bacterial types 
Bacteria 
type 
Colony morphology Cell morphology 
a White, large rough colonies Gram positive bacilli in pairs 
b Mucoid (large, cream coloured) Gram negative cocci in pairs (diplococci) 
c Mucoid, green tint Gram negative bacilli 
d Mucoid (small, cream coloured) Gram negative bacilli 
e Mucoid (small, umbonate, cream coloured) Gram negative cocci 
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Figure SI-4.9 Oligochaete worms approach onto the surface of settled sludge and form a layer 
 
 
 
 
 
Figure SI-4.10 Oligochaete worms (Aeolosoma hemprichi) 
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Figure SI-4.11 Filamentous bacteria in MBR mixed liquor 
 
 
 
  
 
Figure SI-4.12 Different species of microorganisms (rotifers, ciliates, etc.) in MBR mixed 
liquor 
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SI #5.1 Use Runge-Kutta method to verify the results 
In order to verify the mathematical model explained in Chapter 5, Runge-Kutta 
method was used. Runge-Kutta method is a mathematical technique that could be 
used to solve single or simultaneous differential equations.  
In solving model expressions 5-7 and 5-10 the following Runge-Kutta expressions 
(4th order) were used 
If the model expression is like; 
),( yxf
dx
dy

 
Then the solution is  
)422(
6
1
3211 kkkkyy nn 
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As two of the next model expressions are higher order differential equations, the 
following Runge-Kutta technique is used 
),,( zyxf
dx
dy
  
),,( zyxg
dx
dz
  
And also given that 00 )( yxy  and 00 )( zxz   
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Using the above Runge-Kutta theory, a comprehensive MS Excel worksheet was 
designed and used the following model and operating parameters (used by Nagaoka 
et al., 1998) to simulate the model. In this case, h was taken as 0.05 days and a 
sample of this spreadsheet is attached below.  
Figure SI-5.1 Model Parameters (Nagaoka et al., 1998) 
Parameter  Units Base Values 
Y g-MLSS/g-TOC 0.5 
kdx day
-1
 0.028 
β g-EPS/g-MLSS 0.012 
kdp day
-1
 0.018 
γ day-1Pa-1 0.1 
λm Unit-less 1x10
-3
 
α0 mkg
-1
 5x10
13
 
αp mkg
-1
Pa
-1
 2.5x10
10
 
kα day
-1
 0.015 
µ Pa d 0.001/86400 
 
Figure SI-5.2 Operating Parameters (Nagaoka et al., 1998) 
Parameter  Units 
Base Values 
Reactor 1 Reactor 2 
L g/L 1.5 0.5 
Flux (J) (t<11days) m day
-1
 0.15 0.15 
                (11<t<30days) m day
-1
 0.08 0.065 
                (t>30days) m day
-2
 0.08 0.065 
Shear Stress (τm) Pa 14 14 
Limit Pressure(Pmax) Pa 6.5x10
4
 6.5x10
4
 
 
The following simulation curves were obtained by Runge-Kutta method. These 
results were similar to the results obtained by Nagaoka et al. (1998) and confirmed 
that the model could be used and runs well. 
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Figure SI-5.3 Initial conditions 
Parameter  Units 
Base Values 
Reactor 1 Reactor 2 
MLSS (x) g/L 6.06 5.04 
Suspended EPS (p) g/L 0.1 0.1 
Accumulated EPS (m) kg m
-2
 0 0 
Mem. Resistance (Rm) m
-1
 1.73x10
12
 4.20x10
11
 
 
   
 
   
 
   
 
Figure SI-5.1 Simulated curves using Runge-Kutta method for Reactor 1 (a) MLSS vs Time; 
(b) EPS vs Time; (c) EPS density vs Time; (d) Specific Resistance of EPS vs Time; (e) 
Membrane resistance vs Time; (f) TMP vs Time 
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 Equation 1 
  
Equation 2 
  
t 
MLSS 
x(t)/ (g/L) 
k1 k2 k3 k4 
MLSS 
x(t+h) 
Suspended 
EPS (p) 
P(t) 
k1 k2 k3 k4 
Suspended 
EPS (p) 
P(t+h) 
Flux (J)/ 
(m/d) 
0 6.06 0.029016 0.028996 0.028996 0.028975 6.088996 0.1 0.00036 0.00036 0.00036 0.00036 0.10036 0.08 
0.05 6.088996 0.028975 0.028955 0.028955 0.028935 6.117951 0.10036 0.00036 0.00036 0.00036 0.000359 0.100719 0.08 
0.1 6.117951 0.028935 0.028915 0.028915 0.028894 6.146865 0.100719 0.000359 0.000359 0.000359 0.000359 0.101079 0.08 
0.15 6.146865 0.028894 0.028874 0.028874 0.028854 6.17574 0.101079 0.000359 0.000359 0.000359 0.000359 0.101437 0.08 
0.2 6.17574 0.028854 0.028834 0.028834 0.028814 6.204573 0.101437 0.000359 0.000359 0.000359 0.000358 0.101796 0.08 
0.25 6.204573 0.028814 0.028793 0.028793 0.028773 6.233367 0.101796 0.000358 0.000358 0.000358 0.000358 0.102154 0.08 
0.3 6.233367 0.028773 0.028753 0.028753 0.028733 6.26212 0.102154 0.000358 0.000358 0.000358 0.000358 0.102512 0.08 
0.35 6.26212 0.028733 0.028713 0.028713 0.028693 6.290833 0.102512 0.000358 0.000358 0.000358 0.000357 0.10287 0.08 
0.4 6.290833 0.028693 0.028673 0.028673 0.028653 6.319506 0.10287 0.000357 0.000357 0.000357 0.000357 0.103227 0.08 
0.45 6.319506 0.028653 0.028633 0.028633 0.028613 6.348138 0.103227 0.000357 0.000357 0.000357 0.000357 0.103584 0.08 
0.5 6.348138 0.028613 0.028593 0.028593 0.028573 6.376731 0.103584 0.000357 0.000357 0.000357 0.000356 0.10394 0.08 
0.55 6.376731 0.028573 0.028553 0.028553 0.028533 6.405283 0.10394 0.000356 0.000356 0.000356 0.000356 0.104297 0.08 
0.6 6.405283 0.028533 0.028513 0.028513 0.028493 6.433796 0.104297 0.000356 0.000356 0.000356 0.000356 0.104653 0.08 
0.65 6.433796 0.028493 0.028473 0.028473 0.028453 6.462269 0.104653 0.000356 0.000356 0.000356 0.000355 0.105008 0.08 
0.7 6.462269 0.028453 0.028433 0.028433 0.028413 6.490702 0.105008 0.000355 0.000355 0.000355 0.000355 0.105364 0.08 
0.75 6.490702 0.028413 0.028393 0.028393 0.028373 6.519095 0.105364 0.000355 0.000355 0.000355 0.000355 0.105719 0.08 
0.8 6.519095 0.028373 0.028353 0.028353 0.028334 6.547448 0.105719 0.000355 0.000355 0.000355 0.000355 0.106073 0.08 
0.85 6.547448 0.028334 0.028314 0.028314 0.028294 6.575762 0.106073 0.000355 0.000354 0.000354 0.000354 0.106428 0.08 
0.9 6.575762 0.028294 0.028274 0.028274 0.028254 6.604036 0.106428 0.000354 0.000354 0.000354 0.000354 0.106782 0.08 
0.95 6.604036 0.028254 0.028235 0.028235 0.028215 6.632271 0.106782 0.000354 0.000354 0.000354 0.000354 0.107136 0.08 
1 6.632271 0.028215 0.028195 0.028195 0.028175 6.660466 0.107136 0.000354 0.000353 0.000353 0.000353 0.107489 0.08 
1.05 6.660466 0.028175 0.028156 0.028156 0.028136 6.688622 0.107489 0.000353 0.000353 0.000353 0.000353 0.107842 0.08 
              
Table SI-5.4 Part of the Spread-sheet for simulating the model using Runge-Ruttta Method  
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Equation 4 Equation 3 Equation 6 Equation 5 Equation 7 Equation 8 
m α kdm k1 k2 k3 k4 α∞ m1 m2 m3 m4 R (m
-1
) ∆P (pa)  
0 5E+13 1.239815 0.0004 0.000388 0.000388 0.000376 9E+13 3E+10 3E+10 3E+10 3E+10 0 1601.852 
0.000388 5E+13 1.238018 0.000377 0.000366 0.000366 0.000355 9.05E+13 3.03E+10 3.03E+10 3.03E+10 3.03E+10 1.75E+12 1619.819 
0.000754 5.01E+13 1.236321 0.000356 0.000345 0.000346 0.000335 9.09E+13 3.06E+10 3.06E+10 3.06E+10 3.06E+10 1.77E+12 1636.794 
0.001099 5.01E+13 1.234716 0.000336 0.000326 0.000326 0.000316 9.13E+13 3.09E+10 3.09E+10 3.09E+10 3.09E+10 1.79E+12 1652.839 
0.001426 5.01E+13 1.233199 0.000318 0.000308 0.000308 0.000299 9.17E+13 3.12E+10 3.12E+10 3.12E+10 3.12E+10 1.8E+12 1668.013 
0.001734 5.02E+13 1.231763 0.0003 0.000291 0.000291 0.000282 9.21E+13 3.14E+10 3.14E+10 3.14E+10 3.14E+10 1.82E+12 1682.368 
0.002025 5.02E+13 1.230404 0.000284 0.000275 0.000276 0.000267 9.24E+13 3.17E+10 3.16E+10 3.16E+10 3.16E+10 1.83E+12 1695.956 
0.002301 5.02E+13 1.229118 0.000269 0.00026 0.000261 0.000253 9.27E+13 3.19E+10 3.19E+10 3.19E+10 3.19E+10 1.85E+12 1708.824 
0.002561 5.02E+13 1.227898 0.000254 0.000246 0.000247 0.000239 9.3E+13 3.21E+10 3.21E+10 3.21E+10 3.21E+10 1.86E+12 1721.015 
0.002808 5.03E+13 1.226743 0.000241 0.000233 0.000234 0.000226 9.33E+13 3.23E+10 3.23E+10 3.23E+10 3.23E+10 1.87E+12 1732.571 
0.003041 5.03E+13 1.225647 0.000228 0.000221 0.000221 0.000214 9.36E+13 3.25E+10 3.24E+10 3.24E+10 3.24E+10 1.88E+12 1743.53 
0.003262 5.03E+13 1.224607 0.000216 0.000209 0.00021 0.000203 9.38E+13 3.26E+10 3.26E+10 3.26E+10 3.26E+10 1.89E+12 1753.929 
0.003472 5.04E+13 1.22362 0.000205 0.000199 0.000199 0.000193 9.41E+13 3.28E+10 3.28E+10 3.28E+10 3.28E+10 1.9E+12 1763.801 
0.003671 5.04E+13 1.222682 0.000194 0.000188 0.000188 0.000183 9.43E+13 3.29E+10 3.29E+10 3.29E+10 3.29E+10 1.92E+12 1773.178 
0.003859 5.04E+13 1.221791 0.000184 0.000179 0.000179 0.000173 9.46E+13 3.31E+10 3.31E+10 3.31E+10 3.31E+10 1.92E+12 1782.089 
0.004038 5.05E+13 1.220944 0.000175 0.00017 0.00017 0.000165 9.48E+13 3.32E+10 3.32E+10 3.32E+10 3.32E+10 1.93E+12 1790.563 
0.004207 5.05E+13 1.220137 0.000166 0.000161 0.000161 0.000156 9.5E+13 3.33E+10 3.33E+10 3.33E+10 3.33E+10 1.94E+12 1798.625 
0.004369 5.05E+13 1.21937 0.000158 0.000153 0.000153 0.000149 9.52E+13 3.35E+10 3.34E+10 3.34E+10 3.34E+10 1.95E+12 1806.3 
0.004522 5.06E+13 1.218639 0.00015 0.000146 0.000146 0.000141 9.53E+13 3.36E+10 3.36E+10 3.36E+10 3.35E+10 1.96E+12 1813.611 
0.004668 5.06E+13 1.217942 0.000143 0.000139 0.000139 0.000134 9.55E+13 3.37E+10 3.37E+10 3.37E+10 3.37E+10 1.97E+12 1820.579 
0.004806 5.06E+13 1.217278 0.000136 0.000132 0.000132 0.000128 9.57E+13 3.38E+10 3.38E+10 3.38E+10 3.38E+10 1.97E+12 1827.225 
0.004938 5.07E+13 1.216643 0.00013 0.000126 0.000126 0.000122 9.58E+13 3.39E+10 3.39E+10 3.39E+10 3.38E+10 1.98E+12 1833.567 
Table SI-5.4 continued…  
S39 
 
SI-5.2 Use MATLAB coding to verify the model and simulation 
In order to verify the results obtained by Nagaoka et al. (1998), ENGUAGE 
Digitizer 4.1 software was used to extract the results from graphs shown in the 
above publication. This software generates a set of data in MS Excel so that the 
graphs can be reproduces as below.   
 
 
 
 
 
 
Figure SI-5.2 Reproduced results of Nagaoka et al. (1998) using ENGUAGE digitizer 4.1 
software (a) Flux vs time; (b) TMP vs Time and (c) MLSS vs Time  
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SI #5.3 MATLAB was used to simulate the model and two codes were written for 
constant J and constant P cases, based on Runge-Kutta theory. The two MATLAB 
codes are shown below. 
Main MATLAB code 
 
 
clear all; 
clc; 
startt = 0; 
endt = 11; 
fun = @myfunction; 
% c1 = 0.6510; 
% c2 = -0.0150; 
% c3 = 1.8763e+012; 
% c4 = 1.736E-13;%1.1574e-012; 
% c5 = -1.1;%0.6023; 
% % c4 = 1.1574e-012; 
% % c5 = 0.6023; 
% c6 = 0.1500; 
% c7 = 0.0090; 
% c8 = -0.0180; 
  
m0 = [0 0]; 
p0 = [0.1 0.1]; 
alf0 = 5e13; 
kalf = 0.015; 
alfp = 2.5e10; 
mu = 0.001/86400; 
J = [0.08 0.065]; 
alf0 = 5e13; 
Rm = [1.73e12 4.2e11]; 
gamma = 0.1; 
lambdam = 1e-3; 
taum = 14; 
beta = 0.012; 
Y = 0.5; 
L = [1.5 0.5]; 
kdp = 0.018; 
  
for n = 1:2 
    c1 = kalf*alfp*mu*J(n); 
    c2 = -kalf; 
    c3 = kalf*(alf0+alfp*mu*J(n)*Rm(n)); 
    c4 = gamma*lambdam*mu*J(n); 
    c5 = gamma*lambdam*mu*Rm(n)*J(n) - gamma*taum; 
    c6 = J(n); 
    c7 = beta*Y*L(n); 
    c8 = -kdp; 
    inicond = [p0(n) m0(n) alf0]; 
    % % options = odeset('RelTol',1e-6,'AbsTol',[1e-6 1e-6 e]); 
%     [T1,Yout] = ode45(@(t,y) 
myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8),[startt 
endt],inicond);%,options); 
    [Yout,T1] = 
rkf45(fun,startt,inicond,endt,c1,c2,c3,c4,c5,c6,c7,c8);%,options); 
    R1(:,n) = Yout(:,3).*Yout(:,2) + Rm(n); 
    P1(:,n) = J(n)*mu*R1(:,n); 
    Yhold1(:,:,n) = Yout; 
    % [T,Y]=ode45(@dimu,[0 50],[0.1 0 5E13]); 
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end 
startt = 11; 
endt = 28.5; 
J = [0.15 0.15]; 
Tt = size(T1,1) 
for n = 1:2 
    c1 = kalf*alfp*mu*J(n); 
    c2 = -kalf; 
    c3 = kalf*(alf0+alfp*mu*J(n)*Rm(n)); 
    c4 = gamma*lambdam*mu*J(n); 
    c5 = gamma*lambdam*mu*Rm(n)*J(n) - gamma*taum; 
    c6 = J(n); 
    c7 = beta*Y*L(n); 
    c8 = -kdp; 
    inicond = [Yhold1(Tt,1,n) Yhold1(Tt,2,n) alf0]; 
    % % options = odeset('RelTol',1e-6,'AbsTol',[1e-6 1e-6 e]); 
%     [T2,Yout] = ode45(@(t,y) 
myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8),[startt 
endt],inicond);%,options); 
   [Yout,T2] = 
rkf45(fun,startt,inicond,endt,c1,c2,c3,c4,c5,c6,c7,c8);%,options); 
    R2(:,n) = Yout(:,3).*Yout(:,2) + Rm(n); 
    P2(:,n) = J(n)*mu*R2(:,n); 
    Yhold2(:,:,n) = Yout; 
    % [T,Y]=ode45(@dimu,[0 50],[0.1 0 5E13]); 
end 
%  
T = [T1';T2']; 
R = [R1;R2]; 
P = [P1;P2]; 
plot(T,P(:,1)/1000) 
hold on 
plot(T,P(:,2)/1000,'red') 
% figure 
% plot(T,R(:,1)) 
% hold on 
% plot(T,R(:,2),'red') 
  
% plot(T,Yhold(:,1,1),'-') 
% hold on 
% plot(T,Yhold(:,1,2),'red') 
% figure 
% plot(T,Yhold(:,2,1),'-.') 
% hold on 
% plot(T,Yhold(:,2,2),'red') 
% figure 
% plot(T,Yhold(:,3,1),'.') 
% hold on 
% plot(T,Yhold(:,3,2),'red') 
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MATLAB code for constant J (flux) 
 
clear all; 
clc; 
startt = 0; 
endt = 11; 
fun = @myfunction; 
% c1 = 0.6510; 
% c2 = -0.0150; 
% c3 = 1.8763e+012; 
% c4 = 1.736E-13;%1.1574e-012; 
% c5 = -1.1;%0.6023; 
% % c4 = 1.1574e-012; 
% % c5 = 0.6023; 
% c6 = 0.1500; 
% c7 = 0.0090; 
% c8 = -0.0180; 
  
m0 = [0 0]; 
p0 = [0.1 0.1]; 
alf0 = 5e13; 
X0 = [6.06 5.04]; 
kalf = 0.015; 
alfp = 2.5e10; 
mu = 0.001/86400; 
J = [0.08 0.065]; 
% alf0 = 5e13; 
Rm = [1.73e12 4.2e11]; 
gamma = 0.1; 
lambdam = 1e-3; 
taum = 14; 
beta = 0.012; 
Y = 0.5; 
L = [1.5 0.5]; 
kdp = 0.018; 
kdx = 0.028; 
  
for n = 1:2 
    c1 = kalf*alfp*mu*J(n); 
    c2 = -kalf; 
    c3 = kalf*(alf0+alfp*mu*J(n)*Rm(n)); 
    c4 = gamma*lambdam*mu*J(n); 
    c5 = gamma*lambdam*mu*Rm(n)*J(n) - gamma*taum; 
    c6 = J(n); 
    c7 = beta*Y*L(n); 
    c8 = -kdp; 
    c9 = Y*L(n); 
    c10 = -kdx; 
    inicond = [p0(n) m0(n) alf0 X0(n)]; 
    % % options = odeset('RelTol',1e-6,'AbsTol',[1e-6 1e-6 e]); 
%     [T1,Yout] = ode45(@(t,y) 
myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10),[startt 
endt],inicond);%,options); 
    [Yout,T1] = 
rkf45(fun,startt,inicond,endt,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10);%,opt
ions); 
    R1(:,n) = Yout(:,3).*Yout(:,2) + Rm(n); 
    P1(:,n) = J(n)*mu*R1(:,n); 
    Yhold1(:,:,n) = Yout; 
    X1(:,n) = Yout(:,4); 
    % [T,Y]=ode45(@dimu,[0 50],[0.1 0 5E13]); 
end 
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startt = 11; 
endt = 28; 
J = [0.15 0.15]; 
Tt = size(T1,2) 
for n = 1:2 
    c1 = kalf*alfp*mu*J(n); 
    c2 = -kalf; 
    c3 = kalf*(alf0+alfp*mu*J(n)*Rm(n)); 
    c4 = gamma*lambdam*mu*J(n); 
    c5 = gamma*lambdam*mu*Rm(n)*J(n) - gamma*taum; 
    c6 = J(n); 
    c7 = beta*Y*L(n); 
    c8 = -kdp; 
    c9 = Y*L(n); 
    c10 = -kdx; 
    inicond = [Yhold1(Tt,1,n) Yhold1(Tt,2,n) Yhold1(Tt,3,n) 
Yhold1(Tt,4,n)]; 
%    inicond = [Yhold1(Tt,1,n) Yhold1(Tt,2,n) alf0 Yhold1(Tt,4,n)]; 
    % % options = odeset('RelTol',1e-6,'AbsTol',[1e-6 1e-6 e]); 
%     [T2,Yout] = ode45(@(t,y) 
myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10),[startt 
endt],inicond);%,options); 
   [Yout,T2] = 
rkf45(fun,startt,inicond,endt,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10);%,opt
ions); 
    R2(:,n) = Yout(:,3).*Yout(:,2) + Rm(n); 
    P2(:,n) = J(n)*mu*R2(:,n); 
    Yhold2(:,:,n) = Yout; 
    X2(:,n) = Yout(:,4); 
    % [T,Y]=ode45(@dimu,[0 50],[0.1 0 5E13]); 
end 
%  
T = [T1';T2']; 
R = [R1;R2]; 
P = [P1;P2]; 
p = [Yhold1(:,1,:);Yhold2(:,1,:)]; 
Pindx = 1; 
while(P(Pindx)<=65000) 
    Pindx = Pindx + 1; 
end 
X = [X1;X2]; 
%  plot(T,P(:,1)/1000) 
plot(T(1:Pindx-1),P(1:Pindx-1,1)/1000) 
figure 
plot(T,P(:,2)/1000,'red') 
figure 
plot(T,X) 
figure 
plot(T,p(:,1,1)) 
hold on 
plot(T,p(:,1,2)) 
Tin = Pindx - size(Yhold1,1); 
Xt = squeeze(Yhold2(Tin,4,:)); 
pt = squeeze(Yhold2(Tin,1,:)); 
mt = squeeze(Yhold2(Tin,2,:)); 
alft = squeeze(Yhold2(Tin,3,:)); 
Tend = T(Pindx-1); 
save ../Nagaoka_ConstP\NConstJ Xt pt mt alft Tend 
% figure 
% plot(T,R(:,1)) 
% hold on 
% plot(T,R(:,2),'red') 
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% plot(T,Yhold(:,1,1),'-') 
% hold on 
% plot(T,Yhold(:,1,2),'red') 
% figure 
% plot(T,Yhold(:,2,1),'-.') 
% hold on 
% plot(T,Yhold(:,2,2),'red') 
% figure 
% plot(T,Yhold(:,3,1),'.') 
% hold on 
% plot(T,Yhold(:,3,2),'red') 
 
function dy = myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10) 
dy = zeros(1,4); 
% y(1): p(EPS concentration in the mixed liquor) 
% y(2): m (EPS density on the membrane surface) 
% y(3): alpha (specific resistance of EPS) 
% y(4): x (MLSS concentration) 
dy(1) = c7 + c8*y(1); 
dy(2) = c4*y(3)*y(2)^2 + c5*y(2) + c6*y(1); 
dy(3) = c1*y(3)*y(2) + c2*y(3) + c3; 
dy(4) = c9 + c10*y(4); 
 
 
 
 
MATLAB code for constant P (pressure) 
 
clear all; 
clc; 
fun = @myfunction; 
% c1 = 0.6510; 
% c2 = -0.0150; 
% c3 = 1.8763e+012; 
% c4 = 1.736E-13;%1.1574e-012; 
% c5 = -1.1;%0.6023; 
% % c4 = 1.1574e-012; 
% % c5 = 0.6023; 
% c6 = 0.1500; 
% c7 = 0.0090; 
% c8 = -0.0180; 
load NConstJ 
X0 = Xt 
p0 = pt 
m0 = mt 
alf0 = alft 
startt = Tend; 
endt = startt + 10; 
  
% m0 = [0 0]; 
% p0 = [0.1 0.1]; 
% alf0 = 5e13; 
% X0 = [6.06 5.04]; 
kalf = 0.015; 
alfp = 2.5e10; 
mu = 0.001/86400; 
% J = 0.15; 
% J = [0.08 0.065]; 
P = 65000; 
% alf0 = 5e13; 
Rm = [1.73e12 4.2e11]; 
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gamma = 0.1; 
lambdam = 1e-3; 
taum = 14; 
beta = 0.012; 
Y = 0.5; 
L = [1.5 0.5]; 
kdp = 0.018; 
kdx = 0.028; 
  
for n = 1:2 
    c1 = Y*L(n); 
    c2 = -kdx; 
    c3 = beta*Y*L(n); 
    c4 = -kdp; 
    c5 = P/mu; 
    c6 = Rm(n); 
    c7 = kalf*(alf0(n) + alfp*P); 
    c8 = -kalf; 
    inicond = [p0(n) m0(n) alf0(n) X0(n)]; 
    % % options = odeset('RelTol',1e-6,'AbsTol',[1e-6 1e-6 e]); 
%     [T1,Yout] = ode45(@(t,y) 
myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8,c9,c10),[startt 
endt],inicond);%,options); 
    [Yout,T1] = 
rkf45(fun,startt,inicond,endt,c1,c2,c3,c4,c5,c6,c7,c8,startt);%,opt
ions); 
    R1(:,n) = Yout(:,4).*Yout(:,3) + Rm(n); 
    P1 = P; 
    J1(:,n) = P/(mu*R1(:,n)); 
    Yhold1(:,:,n) = Yout; 
    X1(:,n) = Yout(:,1); 
    p(:,n) = Yout(:,2); 
    % [T,Y]=ode45(@dimu,[0 50],[0.1 0 5E13]); 
end 
% T = [T1';T2']; 
% R = [R1;R2]; 
% P = [P1;P2]; 
% p = [Yhold1(:,1,:);Yhold2(:,1,:)]; 
% Pindx = 1; 
% while(P(Pindx)<=65000) 
%     Pindx = Pindx + 1; 
% end 
% X = [X1;X2]; 
%  plot(T,P(:,1)/1000) 
plot(T1,J1(:,1)) 
figure 
plot(T1,J1(:,2),'red') 
figure 
plot(T1,X1) 
figure 
plot(T1,p(:,1)) 
hold on 
plot(T1,p(:,2)) 
  
% figure 
% plot(T,R(:,1)) 
% hold on 
% plot(T,R(:,2),'red') 
  
% plot(T,Yhold(:,1,1),'-') 
% hold on 
% plot(T,Yhold(:,1,2),'red') 
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% figure 
% plot(T,Yhold(:,2,1),'-.') 
% hold on 
% plot(T,Yhold(:,2,2),'red') 
% figure 
% plot(T,Yhold(:,3,1),'.') 
% hold on 
% plot(T,Yhold(:,3,2),'red') 
 
function dy = myfunction(t,y,c1,c2,c3,c4,c5,c6,c7,c8,startt) 
dy = zeros(1,4); 
% y(1): x (MLSS concentration) 
% y(2): p(EPS concentration in the mixed liquor) 
% y(3): m (EPS density on the membrane surface) 
% y(4): alpha (specific resistance of EPS) 
  
dy(1) = c1 + c2*y(1); 
dy(2) = c3 + c4*y(2); 
R = y(4)*y(3) + c6; 
if t~=startt 
    J = c5/R; 
else 
    display('In') 
    J = 0.15; 
end 
dy(3) = J*y(2); 
% dy(3) = c5*y(2)/(y(3)*y(4) + c6); 
dy(4) = c7 + c8*y(4); 
 
 
 
 
 
 
Figure SI-5.3 Simulated curves for Reactors 1 and 2 (a) TMP vs Time profile for Reactor 1; (b) 
TMP vs Time profile for Reactor 2; (c) MSS vs Time profiles; (d) EPS density with Time 
profiles 
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SI-5.6 AQUASIM modelling information (AQUASIM Version 2.1b)  
 
Date and time of listing:  03/04/2012  
 
 
 
 
Table SI-5.5 List of Variables 
****************************************************************
Alpha:         Description:          Specific resistance of EPS 
               Type:                 Dyn. Volume State Var. 
               Unit:                 mkg-1 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
---------------------------------------------------------------- 
Alpha_inf:     Description:          Ultimate value of Alpha 
               Type:                 Formula Variable 
               Unit:                 mkg-1 
               Expression:           C_Alpha0+C_AlphaP*TMP 
---------------------------------------------------------------- 
Calcnum:       Description: 
               Type:                 Program Variable 
               Unit: 
               Reference to:         Calculation Number 
---------------------------------------------------------------- 
C_Alpha0:      Description:          Value of Alpha when P=0 (no 
membrane pressure)                                     
               Type:                 Constant Variable 
               Unit:                 mkg-1 
               Value:                7.5e+009 
               Standard Deviation:   4.8573419e+010 
               Minimum:              0 
               Maximum:              5e+014 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
----------------------------------------------------------------
-- 
C_AlphaP:      Description:          Constant 
               Type:                 Constant Variable 
               Unit:                 mkg-1Pa-1 
               Value:                61148424 
               Standard Deviation:   4698254.9 
               Minimum:              0 
               Maximum:              5e+014 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
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---------------------------------------------------------------- 
C_Beta:        Description:          Ratio of produced EPS to           
increased MLSS                                    
               Type:                 Real List Variable 
               Unit:                 g-EPS/g-MLSS 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               0.47 
                  1               0.319 
                  2               0.283 
                  3               0.302 
---------------------------------------------------------------- 
C_Gamma:       Description:          Constant 
               Type:                 Constant Variable 
               Unit:                 day-1Pa-1 
               Value:                0.0645 
               Standard Deviation:   0.012212085 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
C_kAlpha:      Description:          Rate constant corresponding 
to the consolidation 
process                                      
               Type:                 Constant Variable 
               Unit:                 day-1 
               Value:                0.0575 
               Standard Deviation:   0.63584004 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
C_kdEPS:       Description:          Decay rate of EPS 
               Type:                 Constant Variable 
               Unit:                 day-1 
               Value:                0.009 
               Standard Deviation:   0.0035596566 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
C_kdMLSS:      Description:          Death rate of MLSS 
               Type:                 Constant Variable 
               Unit:                 day-1 
               Value:                0.05 
               Standard Deviation:   0.01509977 
               Minimum:              0 
               Maximum:              0.05 
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               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------- 
 
 
---------------------------------------------------------------- 
C_Lambda:      Description:          Static friction coefficient 
of EPS due to trans-
membrane                                     
pressure 
               Type:                 Constant Variable 
               Unit: 
               Value:                0.0015 
               Standard Deviation:   2.3400545e-005 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
C_mu:          Description:          Viscosity of Permeate 
               Type:                 Constant Variable 
               Unit:                 Pas 
               Value:                0.001 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
---------------------------------------------------------------- 
C_Y:           Description:          Yield factor 
               Type:                 Constant Variable 
               Unit:                 g-MLSS/g-COD 
               Value:                0.48732236 
               Standard Deviation:   0.10949741 
               Minimum:              0 
               Maximum:              1 
               Sensitivity Analysis: inactive 
               Parameter Estimation: active 
---------------------------------------------------------------- 
eEPS_AA_2011_2: Description:         eEPS experimental data for 
operation #2 2011  - after 
Ametryn                                      
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (7 pairs): 
                  0               1.014 
                  2               1.043 
                  4               1.244 
                  7               1.969 
                  9               2.653 
                  11              2.279 
                  14              2.499 
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---------------------------------------------------------------- 
 
 
 
---------------------------------------------------------------- 
 
eEPS_AA_2011_3:Description:          eEPS experimental data for 
operation # 3 2011 - after 
Ametryn  
                                      
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (11 pairs): 
                  0               1.696 
                  3               1.939 
                  7               2.102 
                  10              2.501 
                  12              2.422 
                  14              2.383 
                  17              2.26 
                  20              2.529 
                  24              2.819 
                  28              2.749 
                  31              2.691 
---------------------------------------------------------------- 
eEPS_AA_2011_4: Description:         eEPS experimental data for 
operation #4 2011 - after 
Ametryn  
                                      
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (6 pairs): 
                  0               2.553 
                  3               2.644 
                  7               2.727 
                  10              3.098 
                  14              3.381 
                  17              3.176 
---------------------------------------------------------------- 
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---------------------------------------------------------------- 
eEPS_AA_20_1_3: Description:         eEPS experimental data for 
20 L/d- after Ametryn (part 
3)   
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (5 pairs): 
                  29              1.062 
                  32              1.023 
                  35              1.176 
                  38              1.21 
                  40              1.195 
----------------------------------------------------------------
-- 
eEPS_AA_40_1_1: Description:         eEPS experimental data for 
40 L/d- after Ametryn (part 
1) 
                 Type:               Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (6 pairs): 
                  0               1.195 
                  2               1.298 
                  6               1.311 
                  11              1.045 
                  14              1.137 
                  18              1.103 
----------------------------------------------------------------
-- 
eEPS_AA_40_1_2: Description:         eEPS experimental data for 
40 L/d - after Ametryn 
(part 2)  
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
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               Sensitivity Analysis: active 
               Real Data Pairs (5 pairs): 
                  18              1.103 
                  23              1.205 
                  28              1.167 
                  34              1.203 
                  38              1.167 
----------------------------------------------------------------
-- 
 
----------------------------------------------------------------
-- 
eEPS_BA_2011_1: Description:         EPS experimental data for 
operation#1 (2011) before 
Ametryn  
                                     #1 (2011) before Ametryn 
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (6 pairs): 
                  10              1.727 
                  13              2.8 
                  17              3.251 
                  19              3.292 
                  21              3.433 
                  22              3.65 
----------------------------------------------------------------
-------- 
eEPS_BA_20_2_1: Description:         EPS experimental data for 
20 L/d before Ametryn (part 
1) 
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (8 pairs): 
                  0               1.945 
                  2               1.436 
                  6               1.315 
                  10              1.254 
                  13              1.142 
                  16              0.99 
                  20              0.884 
                  23              0.875 
----------------------------------------------------------------
-- 
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eEPS_BA_20_2_2: Description:         EPS experimental data for 
20 L/d before Ametryn (part 
2) 
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (6 pairs): 
                  23              0.875 
                  26              0.878 
                  29              0.892 
                  32              0.879 
                  35              0.882 
                  37              0.862 
----------------------------------------------------------------
-- 
eEPS_BA_40_1:  Description:          EPS experimental data for 
40 L/d before Ametryn  
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (7 pairs): 
                  0               0.788 
                  2               1.228 
                  6               1.608 
                  12              1.725 
                  17              1.842 
                  19              1.88 
                  21              1.945 
----------------------------------------------------------------
-- 
EPS:           Description:          Suspended EPS concentration 
               Type:                 Dyn. Volume State Var. 
               Unit:                 gm-3 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
----------------------------------------------------------------
-- 
EPS_m:         Description:          EPS density on the membrane 
surface 
               Type:                 Dyn. Volume State Var. 
               Unit:                 kgm-2 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
----------------------------------------------------------------
--Flux:          Description:          Flux through the membrane 
               Type:                 Real List Variable 
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               Unit:                 mday-1 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               0.13 
                  1               0.13 
                  2               0.13 
                  3               0.13 
----------------------------------------------------------------
-- 
 
 
 
----------------------------------------------------------------
-- 
Flux_max:      Description:          Maximum Flux through the 
membrane 
               Type:                 Constant Variable 
               Unit:                 mday-1 
               Value:                0.13 
               Standard Deviation:   1 
               Minimum:              0 
               Maximum:              10 
               Sensitivity Analysis: inactive 
               Parameter Estimation: inactive 
----------------------------------------------------------------
-- 
ini_EPS:       Description:          Initial eEPS concentration  
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               1.727 
                  1               1.041 
                  2               1.696 
                  3               2.553 
----------------------------------------------------------------
-- 
ini_EPSm:      Description:          Initial EPS density on 
membrane 
               Type:                 Real List Variable 
               Unit:                 kg/m2 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
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               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               0 
                  1               0.0021 
                  2               0.0018 
                  3               0.0017 
----------------------------------------------------------------
-- 
ini_Flux:      Description:          Initial flux of each 
operation 
               Type:                 Real List Variable 
               Unit: 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               0.13 
                  1               0.13 
                  2               0.13 
                  3               0.13 
----------------------------------------------------------------
-- 
ini_MLSS:      Description:          Initial MLSS concentration 
               Type:                 Real List Variable 
               Unit: 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               5.965 
                  1               4.764 
                  2               4.95 
                  3               7.7 
----------------------------------------------------------------
-- 
ini_TMP:       Description:          Initial Trans-membrane 
Pressure 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
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                  0               3250 
                  1               4500 
                  2               4250 
                  3               7500 
----------------------------------------------------------------
-- 
k_dm:          Description:          Detachment rate of EPS off 
the membrane surface  
               Type:                 Formula Variable 
               Unit:                 day-1 
               Expression:            if R_Stress>C_Lambda*TMP 
then C_Ga 
                                     mma*(R_Stress-C_Lambda*TMP) 
else 0  
                                     endif  
----------------------------------------------------------------
-- 
MLSS:          Description:          MLSS concentration 
               Type:                 Dyn. Volume State Var. 
               Unit:                 g/L 
               Relative Accuracy:    1e-006 
               Absolute Accuracy:    1e-006 
----------------------------------------------------------------
-- 
 
 
 
 
----------------------------------------------------------------
-- 
MLSS_AA_2011_02:Description:         MLSS experimental data 2011  
- after Ametryn 
(operation#2) 
                                      
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (7 pairs): 
                  0               4.764 
                  2               4.97 
                  4               5.445 
                  7               5.8 
                  9               5.925 
                  11              6.055 
                  14              6.205 
----------------------------------------------------------------
-- 
MLSS_AA_2011_03: Description:        MLSS experimental data - 
after Ametryn (operation#3) 
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
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               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (11 pairs): 
                  0               4.95 
                  3               5.69 
                  7               6.558 
                  10              7.01 
                  12              7.15 
                  14              7.476 
                  17              7.605 
                  20              7.765 
                  24              8.525 
                  28              8.74 
                  31              8.965 
----------------------------------------------------------------
-- 
MLSS_AA_2011_04: Description:        MLSS experimental data - 
after Ametryn (operation 
#04) 
                                      
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (6 pairs): 
                  0               7.7 
                  3               8.554 
                  7               9.335 
                  10              9.542 
                  14              10.03 
                  17              10.32 
----------------------------------------------------------------
-- 
MLSS_AA_20_1_3: Description:         MLSS experimental data for 
20 L/d-after Ametryn (part 
3)   
                                      
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (5 pairs): 
                  29              9.848 
                  32              8.864 
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                  35              7.325 
                  38              6.717 
                  40              6.85 
----------------------------------------------------------------
-- 
MLSS_AA_40_1_1: Description:         MLSS experimental data for 
40 L/d- after Ametryn (part 
1)   
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (6 pairs): 
                  0               6.85 
                  2               6.92 
                  6               6.88 
                  11              6.555 
                  14              6.495 
                  18              6.42 
----------------------------------------------------------------
-- 
MLSS_AA_40_1_2: Description:         MLSS experimental data for 
40 L/d-after Ametryn (part 
1)  
                                      
               Type:                 Real List Variable 
               Unit:                 mg/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (5 pairs): 
                  18              6.42 
                  23              6.587 
                  28              6.698 
                  34              6.789 
                  38              6.998 
----------------------------------------------------------------
-- 
MLSS_BA_2011_01: Description:        MLSS experimental data_2011 
for #01 before Ametryn  
               Type:                 Real List Variable 
               Unit:                 g/L 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
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               Sensitivity Analysis: inactive 
               Real Data Pairs (9 pairs): 
                  0               5.965 
                  2               6.344 
                  4               6.995 
                  10              7.36 
                  13              7.7 
                  17              7.697 
                  19              7.933 
                  21              8.042 
                  22              8.067 
----------------------------------------------------------------
-- 
R:             Description:          Total filtration resistance 
               Type:                 Formula Variable 
               Unit:                 m-1 
               Expression:           Alpha*EPS_m+Rm 
----------------------------------------------------------------
-- 
Rm:            Description:          Initial membrane resistance 
               Type:                 Real List Variable 
               Unit:                 m-1 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+015 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               2.18e+012 
                  1               2.98e+012 
                  2               2.83e+012 
                  3               5.12e+012 
----------------------------------------------------------------
-- 
R_L:           Description:          Loading rate 
               Type:                 Real List Variable 
               Unit:                 g-CODL-1day-1 
               Argument:             Calcnum 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               1.077 
                  1               1.16 
                  2               1.215 
                  3               1.277 
----------------------------------------------------------------
-- 
R_Pmax:        Description:          Ultimate/maximum pressure 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Alpha 
               Standard Deviations:  global 
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               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               5000 
                  1               9500 
                  2               5000 
                  3               7750 
----------------------------------------------------------------
-- 
R_Stress:      Description:          Shear stress due to mixing 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Alpha 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: inactive 
               Real Data Pairs (4 pairs): 
                  0               5 
                  1               5 
                  2               5 
                  3               5 
----------------------------------------------------------------
--Time:          Description:          Time 
               Type:                 Program Variable 
               Unit:                 day 
               Reference to:         Time 
----------------------------------------------------------------
-- 
TMP:           Description:          Trans-membrane pressure 
               Type:                 Formula Variable 
               Unit:                 Pa 
               Expression:           Flux*C_mu*R/(24*3600) 
----------------------------------------------------------------
-- 
 
 
 
 
 
----------------------------------------------------------------
-- 
TMP_AA_2011_2: Description:          TMP experimental data for 
operation# 2 2011 after 
Ametryn  
                                       
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
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               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (10 pairs): 
                  0               4500 
                  1               4750 
                  2               5000 
                  3               5500 
                  4               6000 
                  5               5750 
                  6               6250 
                  7               7000 
                  8               8500 
                  9               9500 
----------------------------------------------------------------
-- 
TMP_AA_2011_3: Description:          TMP experimental data for 
operation# 3 2011 after 
Ametryn  
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (4 pairs): 
                  0               4250 
                  3               4500 
                  7               4750 
                  8               5000 
----------------------------------------------------------------
-- 
TMP_AA_2011_4: Description:          TMP experimental data for 
operation #4 2011 after 
Ametryn  
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (12 pairs): 
                  0               7250 
                  3               7500 
                  4               7750 
                  5               7000 
                  6               6250 
                  7               6000 
                  10              5750 
                  11              5500 
                  14              6000 
                  15              5250 
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                  16              5000 
                  17              5500 
----------------------------------------------------------------
--TMP_BA_2011_1: Description:         TMP experimental data for 
operation #1 2011 (before Ametryn)                                      
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (8 pairs): 
                  0               3250 
                  3               3500 
                  8               3750 
                  11              4000 
                  15              4250 
                  19              4500 
                  21              4750 
                  22              5000 
----------------------------------------------------------------
-- 
TMP_BA_20_1:   Description:          TMP experimental data 
(before Ametryn - Run1 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (10 pairs): 
                  0               6500 
                  1               7000 
                  2               7500 
                  3               8000 
                  4               8750 
                  5               9500 
                  6               10250 
                  7               12250 
                  8               15500 
                  9               18000 
----------------------------------------------------------------
-- 
 
----------------------------------------------------------------
-- 
TMP_BA_20_2:   Description:          TMP experimental data 
(before Ametryn - Run2) 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
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               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (26 pairs): 
                  0               4750 
                  1               4750 
                  2               4750 
                  3               5000 
                  4               5000 
                     .               . 
                     .               . 
                  21              8000 
                  22              8250 
                  23              8500 
                  24              8500 
                  25              8500 
----------------------------------------------------------------
-------- 
TMP_BA_30:     Description:          TMP experimental data 
(before Ametryn) 
               Type:                 Real List Variable 
               Unit:                 Pa 
               Argument:             Time 
               Standard Deviations:  global 
               Rel. Stand. Deviat.:  0 
               Abs. Stand. Deviat.:  1 
               Minimum:              0 
               Maximum:              1e+009 
               Interpolation Method: linear interpolation 
               Sensitivity Analysis: active 
               Real Data Pairs (16 pairs): 
                  0               3750 
                  1               3750 
                  3               4750 
                  4               5000 
                  5               5000 
                     .               . 
                     .               . 
                  13              6250 
                  17              6500 
                  24              6750 
                  28              7000 
                  33              7500 
****************************************************************
** 
 
 
 
 
 
 
Table SI-5.6 List of Processes 
****************************************************************
** 
Alpha:         Description: 
               Type:                 Dynamic Process 
               Rate:                 C_kAlpha*(Alpha_inf-Alpha) 
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               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 Alpha : 1 
----------------------------------------------------------------
-- 
EPS:           Description: 
               Type:                 Dynamic Process 
               Rate:                 C_Beta*C_Y*R_L-C_kdEPS*EPS 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 EPS : 1 
----------------------------------------------------------------
-- 
EPSm:          Description: 
               Type:                 Dynamic Process 
               Rate:                 Flux*EPS-k_dm*EPS_m 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 EPS_m : 1 
----------------------------------------------------------------
-- 
MLSS:          Description: 
               Type:                 Dynamic Process 
               Rate:                 C_Y*R_L-C_kdMLSS*MLSS 
               Stoichiometry: 
                 Variable : Stoichiometric Coefficient 
                 MLSS : 1 
****************************************************************
** 
 
 
 
 
 
Table SI-5.7 List of Compartments 
****************************************************************
** 
comp1:         Description: 
               Type:                 Mixed Reactor Compartment 
               Compartment Index:    0 
               Active Variables:     Alpha, EPS, EPS_m, MLSS, 
TMP 
               Active Processes:     Alpha, EPS, EPSm, MLSS 
               Initial Conditions: 
                 Variable(Zone) : Initial Condition 
                 MLSS(Bulk Volume) : ini_MLSS 
                 EPS(Bulk Volume) : ini_EPS 
                 EPS_m(Bulk Volume) : ini_EPSm 
                 Flux(Bulk Volume) : ini_Flux 
                 TMP(Bulk Volume) : ini_TMP 
                 Alpha(Bulk Volume) : C_Alpha0+C_AlphaP*ini_TMP 
               Inflow:               0 
               Loadings: 
               Volume:               1 
               Accuracies: 
                 Rel. Acc. Q:        0.001 
                 Abs. Acc. Q:        0.001 
                 Rel. Acc. V:        0.001 
                 Abs. Acc. V:        0.001 
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****************************************************************
** 
 
 
 
Table SI-5.8List of Definitions of Calculations 
****************************************************************
** 
calc1:         Description: 
               Calculation Number:   0 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Step Size:            0.15 
               Num. Steps:           400 
               Status:               active for simulation 
                                     inactive for sensitivity 
analysis 
----------------------------------------------------------------
-- 
calc2:         Description: 
               Calculation Number:   1 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Step Size:            0.1 
               Num. Steps:           1500 
               Status:               inactive for simulation 
                                     inactive for sensitivity 
analysis 
****************************************************************
** 
 
 
 
 
Table SI-5.9 List of Definitions of Parameter Estimation Calculations 
****************************************************************
** 
fit1:          Description: 
               Calculation Number:   0 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 MLSS_BA_2011_01 : MLSS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
--fit10:         Description: 
               Calculation Number:   1 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_2 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit11:         Description: 
               Calculation Number:   2 
               Initial Time:         0 
               Initial State:        given, made consistent 
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               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_3 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit12:         Description: 
               Calculation Number:   3 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_4 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit13:         Description: 
               Calculation Number:   3 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_BA_20_2_1 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit14:         Description: 
               Calculation Number:   4 
               Initial Time:         23 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_BA_20_2_2 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit15:         Description: 
               Calculation Number:   5 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_2011_2 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit16:         Description: 
               Calculation Number:   6 
               Initial Time:         14 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_2011_4 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit17:         Description: 
               Calculation Number:   7 
               Initial Time:         29 
               Initial State:        given, made consistent 
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               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_20_1_3 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit18:         Description: 
               Calculation Number:   3 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_40_1_1 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
----------------------------------------------------------------
-- 
fit19:         Description: 
               Calculation Number:   9 
               Initial Time:         18 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_40_1_2 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit2:          Description: 
               Calculation Number:   1 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 MLSS_AA_2011_02 : MLSS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit20:         Description: 
               Calculation Number:   2 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_BA_2011_1 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit21:         Description: 
               Calculation Number:   8 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_3 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit22:         Description: 
               Calculation Number:   9 
S68 
 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_4 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
--fit23:         Description: 
               Calculation Number:   6 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_AA_2011_2 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit24:         Description: 
               Calculation Number:   3 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_BA_20_1 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit25:         Description: 
               Calculation Number:   4 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_BA_20_2 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit26:         Description: 
               Calculation Number:   1 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_BA_30 : TMP (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit3:          Description: 
               Calculation Number:   2 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 MLSS_AA_2011_03 : MLSS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit4:          Description: 
               Calculation Number:   3 
               Initial Time:         0 
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               Initial State:        given, made consistent 
               Status:               active 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 MLSS_AA_2011_04 : MLSS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit5:          Description: 
               Calculation Number:   0 
               Initial Time:         10 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_BA_2011_1 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit6:          Description: 
               Calculation Number:   1 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_2011_2 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
 
 
----------------------------------------------------------------
-- 
fit7:          Description: 
               Calculation Number:   2 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_2011_3 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit8:          Description: 
               Calculation Number:   3 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 eEPS_AA_2011_4 : EPS (comp1,Bulk Volume,0) 
----------------------------------------------------------------
-- 
fit9:          Description: 
               Calculation Number:   0 
               Initial Time:         0 
               Initial State:        given, made consistent 
               Status:               inactive 
               Fit Targets: 
                 Data : Variable (Compartment,Zone,Time/Space) 
                 TMP_BA_2011_1 : TMP (comp1,Bulk Volume,0) 
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****************************************************************
** 
 
 
 
 
 
Table SI-5.10List of Plot Definitions 
****************************************************************
**Alpha:         Description: 
               Abscissa:             Time 
               Title:                Alpha 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : Alpha [0,comp1,Bulk Volume,0] 
                 Value : Alpha [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
eEPS_AA_2011_2:Description:          eEPS vs Time 
               Abscissa:             Time 
               Title:                eEPS vs Time (operation # 
2: 2011)  
                                     - after Ametryn 
               Abscissa Label:       Time/(days) 
               Ordinate Label:       EPS/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : eEPS_AA_2011_2 [1,comp1,Bulk Volume,0] 
                 Value : EPS [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
 
 
----------------------------------------------------------------
-- 
eEPS_AA_2011_3:Description:          eEPS vs Time 
               Abscissa:             Time 
               Title:                eEPS vs Time (operation # 
3: 2011)  
                                     - after Ametryn 
               Abscissa Label:       Time/(days) 
               Ordinate Label:       eEPS/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : eEPS_AA_2011_3 [2,comp1,Bulk Volume,0] 
                 Value : EPS [2,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
eEPS_AA_2011_4:Description:          eEPS vs Time 
               Abscissa:             Time 
               Title:                eEPS vs Time for operation 
#4 2011  
                                     - After Ametryn 
               Abscissa Label:       Time/(days) 
               Ordinate Label:       eEPS/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
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                 Value : eEPS_AA_2011_4 [3,comp1,Bulk Volume,0] 
                 Value : EPS [3,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-------- 
eEPS_BA_2011_1:Description:          EPS vs Time 
               Abscissa:             Time 
               Title:                EPS vs Time (operation # 1: 
2011) - before Ametryn 
               Abscissa Label:       Time/(days) 
               Ordinate Label:       EPS/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : eEPS_BA_2011_1 [0,comp1,Bulk Volume,0] 
                 Value : EPS [0,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
EPS:           Description: 
               Abscissa:             Time 
               Title:                EPS 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : EPS [0,comp1,Bulk Volume,0] 
                 Value : EPS [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
EPS_m:         Description: 
               Abscissa:             Time 
               Title:                EPS_m 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : EPS_m [0,comp1,Bulk Volume,0] 
                 Value : EPS_m [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
 
 
 
----------------------------------------------------------------
-- 
Flux:          Description: 
               Abscissa:             Time 
               Title:                Flux 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : Flux [0,comp1,Bulk Volume,0] 
                 Value : Flux [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
k_dm:          Description: 
               Abscissa:             Time 
               Title:                k_dm 
               Abscissa Label: 
               Ordinate Label: 
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               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : k_dm [0,comp1,Bulk Volume,0] 
                 Value : k_dm [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
MLSS:          Description: 
               Abscissa:             Time 
               Title:                MLSS 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : MLSS [0,comp1,Bulk Volume,0] 
                 Value : MLSS [1,comp1,Bulk Volume,0] 
                 Value : MLSS_BA_2011_01 [0,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
MLSS_AA_2011_02: Description:        MLSS after Ametryn 
(operation #2) 
               Abscissa:             Time 
               Title: 
               Abscissa Label:       Time (d) 
               Ordinate Label:       MLSS (g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : MLSS [1,comp1,Bulk Volume,0] 
                 Value : MLSS_AA_2011_02 [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
MLSS_AA_2011_03: Description:         MLSS after Ametryn 
(operation #03) 
               Abscissa:             Time 
               Title: 
               Abscissa Label:       Time (d) 
               Ordinate Label:       MLSS (g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : MLSS [2,comp1,Bulk Volume,0] 
                 Value : MLSS_AA_2011_03 [2,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
 
 
 
 
 
----------------------------------------------------------------
-- 
MLSS_AA_2011_04: Description:        MLSS after Ametryn 
(operation #04) 
               Abscissa:             Time 
               Title: 
               Abscissa Label:       Time (d) 
               Ordinate Label:       MLSS (g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : MLSS [3,comp1,Bulk Volume,0] 
                 Value : MLSS_AA_2011_04 [3,comp1,Bulk Volume,0] 
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----------------------------------------------------------------
-- 
MLSS_BA_2011_01: Description:        MLSS vs Time 
               Abscissa:             Time 
               Title:                MLSS vs Time 2011 #01 - 
before Ametryn  
               Abscissa Label:       Time/(days) 
               Ordinate Label:       MLSS/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : MLSS_BA_2011_01 [0,comp1,Bulk Volume,0] 
                 Value : MLSS [0,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
Resistance:    Description: 
               Abscissa:             Time 
               Title:                Resistance 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : R [0,comp1,Bulk Volume,0] 
                 Value : R [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
SMP_BA_30:     Description:          SMP vs Time 
               Abscissa:             Time 
               Title:                SMP vs Time (30 L/d) - 
before Ametryn 
               Abscissa Label:       Time/(days) 
               Ordinate Label:       SMP/(g/L) 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : EPS [0,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP:           Description: 
               Abscissa:             Time 
               Title:                TMP 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [6,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
 
 
 
 
 
 
----------------------------------------------------------------
-- 
TMP_AA_20:     Description:          TMP change with time at 20 
L/d after Ametryn  
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
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               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [6,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_2 [6,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_AA_2011_2: Description:          TMP change with time for 
operation#2 2011 after 
Ametryn  
               Abscissa:             Time 
               Title:                TMP change with time for 
operation  
                                     #2 2011 after Ametryn 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [1,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_2 [1,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_AA_2011_3: Description:          TMP change with time for 
operation  
                                     #3 2011 after Ametryn 
               Abscissa:             Time 
               Title:                TMP change with time for 
operation  
                                     #3 2011 after Ametryn 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [2,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_3 [2,comp1,Bulk Volume,0] 
----------------------------------------------------------------
--TMP_AA_2011_4: Description: TMP change with time for operation  
                                     #4 2011 after Ametryn 
               Abscissa:             Time 
               Title:                TMP change with time for 
operation  
                                     #4 2011 after Ametryn 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [3,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_4 [3,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
 
 
 
 
 
 
----------------------------------------------------------------
-- 
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TMP_AA_40_1:   Description:          TMP change with time at 40 
L/d after Ametryn (Run 1) 
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [8,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_3 [8,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_AA_40_2:   Description:          TMP change with time at 40 
L/d after Ametryn (Run 2) 
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [9,comp1,Bulk Volume,0] 
                 Value : TMP_AA_2011_4 [9,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_BA_2011_1: Description:          TMP change with time for 
operation#1 2011 before 
Ametryn                                    
               Abscissa:             Time 
               Title:                TMP change with time for 
operation  
                                     #1 2011 before Ametryn 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [0,comp1,Bulk Volume,0] 
                 Value : TMP_BA_2011_1 [0,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_BA_20_1:   Description:          TMP change with time at 20 
L/d before Ametryn  
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [3,comp1,Bulk Volume,0] 
                 Value : TMP_BA_20_1 [3,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
TMP_BA_20_2:   Description:          TMP change with time at 20 
L/d before Ametryn  
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [4,comp1,Bulk Volume,0] 
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                 Value : TMP_BA_20_2 [4,comp1,Bulk Volume,0] 
----------------------------------------------------------------
-- 
 
----------------------------------------------------------------
-- 
TMP_BA_30:     Description:          TMP change with time at 40 
L/d before Ametryn  
               Abscissa:             Time 
               Title: 
               Abscissa Label: 
               Ordinate Label: 
               Curves: 
                 Type : Variable [CalcNum,Comp.,Zone,Time/Space] 
                 Value : TMP [1,comp1,Bulk Volume,0] 
                 Value : TMP_BA_30 [1,comp1,Bulk Volume,0] 
****************************************************************
** 
 
 
 
 
Table SI-5.11 Calculation Parameters 
****************************************************************
** 
Numerical Parameters:    Maximum Int. Step Size:  1 
                         Maximum Integrat. Order: 5 
                         Number of Codiagonals:   1000 
                         Maximum Number of Steps: 1000 
----------------------------------------------------------------
--                         Fit Method:              secant 
                         Max. Number of Iterat.:  100 
****************************************************************
** 
 
 
 
 
Table SI-5.12 Calculated States 
****************************************************************
******** 
Calc. Num.  Num. States  Comments 
3           6            Range of Times: 0 - 17 
********************************************************
********** 
